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ABSTRACT
The interactions of fine and ultrafine particles with chemicals play a dominant role in
determining the mobility and availability of pollutants in the environment. Fine particles in
sediments can sequester chemicals from the water column, and release volatile and semi-volatile
organic compounds to the gas phase upon exposure to air. Ultrafine particles which are
photoreactive can degrade these vapor-phase contaminants, and may transform the molecules
into species which are more toxic or hazardous than the parent. As the widespread, commercial
use of ultrafine particles becomes more common, understanding the chemodynamics of these
particles and their interactions with chemicals in the environment becomes paramount.
Flooding in the city of New Orleans caused by Hurricane Katrina introduced numerous
sediment-laden pollutants to the city. Of particular interest are contaminated sediments which
were deposited inside homes and buildings. The fine particles in these sediments which
sequester metal and organic pollutants serve as a direct exposure source to persons working
inside the structures, both in the sediment as well as by releasing volatile and semi-volatile
organic chemicals to the vapor phase. Mathematical models are needed which can provide a
quantitative description of the processes which mobilize and transport contaminants in enclosed
buildings, in order to understand the short- and long-term chemodynamic behavior of sediment
pollutants inside flood-damaged structures. Two chemodynamic models are developed to
describe this behavior, a thermodynamic-based equilibrium model and an unsteady-state fate and
transport model. Both models can be used to ascertain the classes and quantities of pollutants to
which persons working inside the flooded homes may be exposed.
Volatile and semi-volatile organic pollutants in the vapor phase can encounter
photoreactive ultrafine titanium dioxide particles, embedded into paint and sunscreen-coated
surfaces or as aerosolized particulates. Kinetic data for the degradation rates of organic
xvii

compounds on these paint and sunscreen surfaces is severely lacking, especially for the semivolatiles. Surface reaction experiments are carried out in order to collect some of this muchneeded data. Observed reaction rates are found to vary as functions of both material thickness,
due to mass transfer resistances, as well as ambient relative humidity, through the production of
surface hydroxyl radicals.

xviii

CHAPTER 1
OVERVIEW OF FINE AND ULTRAFINE PARTICLE
ENVIRONMENTAL CHEMODYNAMICS
1.1 Introduction
Particles of all shapes and sizes are ubiquitous in the air, soil, and water environment.
They may occur naturally, such as soil and sediment particles, pollen, dust, viruses, and
secondary organic aerosol (SOA), or may be of anthropogenic origin such as lead, combustion
generated particles, and titanium dioxide (Masciangioli and Zhang 2003; Biswas and Wu 2005).
Regardless of their origin, the presence of particles in the various environmental media plays a
vital role in air, soil, and water chemistry. Atmospheric aerosol serve as reaction and adsorption
centers in the atmosphere. Soil particulate contaminants, such as lead, affect the local
environmental conditions in many urban cities, and also have been shown to affect the wellbeing and learning ability of children (Mielke et al. 2005). Water-suspended particulates and
bottom sediments control the distribution of pollutants between the particles and water column,
thereby impacting water quality and uptake of chemicals by biota. Understanding the vital role
in which particles play in the environment is crucial in furthering the current state of the science
of fine and ultrafine particle environmental chemodynamics.
In natural disaster situations, particle fate, transport, and reactivity can greatly influence
the nature and distribution of chemical pollutants in the air, soil, and water, and therefore also the
extent to which human beings are exposed to hazardous chemicals. In flooding from rivers or
lakes, water with suspended sediment material introduces background concentrations of
contaminants, and also accumulates new pollutants as floodwaters pass over previously unflooded land. Chemicals in the floodwaters may remain dissolved in the water column, or may
also adsorb to suspended sediment particles or volatilize to the air. When floodwaters stagnate,
sediment will settle out of the water column, and remains behind when the waters have receded.
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The air-exposed sediments can now release volatile and semi-volatile pollutants to the vapor
phase, where chemicals can be widely dispersed by wind and other meteorological processes,
and may be inhaled by humans during clean-up and recovery efforts.
As disaster recovery progresses, a large amount of debris is generated which must be
removed. Particulates in this debris may become aerosolized, and particles which are reactive
may catalyze reactions with vapor-phase pollutants. All of these processes result in the
mobilization of pollutants across multiple phases, as well as across several exposure pathways
for human contact. Multi-media chemodynamics of chemicals due to particle-chemical
interactions are of the utmost importance in natural disaster scenarios, and will be studied here in
great detail.
1.2 Fine Sediment Particle Chemodynamics
1.2.1 Hurricane Katrina
On August 29, 2005, Hurricane Katrina struck the Gulf Coast of the United States,
causing widespread damage from Florida to Louisiana. Katrina made landfall as a Category 3
hurricane on the Saffir-Simpson scale, with sustained winds in excess of 126 miles per hour, and
a massive storm surge of 15 – 19 feet in the greater New Orleans area (Knabb et al. 2005). As
the storm made its way over south Louisiana, the storm surge, heavy rainfall, and powerful
winds blowing across Lake Pontchartrain resulted in enormous hydrodynamic stresses on the
protective levees on Lake drainage canals around the city. As the water level continued to rise,
overtopping and failure of many of the levees began to occur, and floodwater poured into
residential portions of the city. At the peak of the flooding, over 50 levee failures had been
reported all across the city, and neighborhoods were inundated with up to 20 feet of floodwater
(Knabb et al. 2005; Corps of Engineers 2006). In total, floodwaters consumed the city for nearly
two weeks before finally being pumped back into Lake Pontchartrain (Pardue et al. 2005).
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Katrina’s gale force winds churned up the bottom sediments of Lake Pontchartrain,
resulting in sediment resuspension within the Lake water column. As levees failed and
floodwater began to enter the city, suspended sediment also carried in background contaminants
from Lake Pontchartrain. As the floodwater rich in particulates flowed over many miles of
commercial and residential areas, other pollutants collected by the floodwaters could also
accumulate on the sediment particle surfaces, through interactions with the mineral adsorption
sites and sediment natural organic matter (Talley et al. 2002; Shor et al. 2003; Vulava et al.
2007). When floodwaters finally stagnated, suspended sediment settled out of the water column,
eventually depositing on top of submerged automobiles, on streets, in schools and playgrounds,
as well as on the floors and interior surfaces of the hundreds of thousands of flooded homes.
Initial concern was focused on the potential for contaminated floodwaters, which many
misguided news reports often characterized as a “toxic gumbo.” When floodwaters were finally
pumped out of the city, questions arose regarding the pollutant loading of the sediment which
was left behind.
Initially, state and federal agencies such as the U.S. Environmental Protection Agency,
U.S. Geological Survey, and Louisiana Department of Environmental Quality focused their
efforts on externally deposited Pontchartrain sediment – material left behind covering streets,
cars, fauna, as well as in yards and other open areas in neighborhoods. Public re-entry advisories
were then made based on the results of the outdoor sampling efforts. These agencies generally
concluded that exterior sediment posed no greater threat to returning residents than previously
measured soil background concentrations in residential New Orleans, with the exception of
localized problem areas such as the crude oil spill at the Murphy Oil refinery in Chalmette
(Pardue et al. 2005; Presley et al. 2006; Reible et al. 2006).
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1.2.2 Floodwater-Deposited In-Home Sediments
A major source of contaminants which was overlooked by the state and federal agencies
in their sampling efforts was the sediment material that settled out inside the hundreds of
thousands of flooded homes. Floodwaters that entered the homes must seep in through small
cracks around doors and windows, and thus the home itself induces a particle
filtering/winnowing effect on the floodwater suspended sediment. Larger particles cannot
remain suspended, as the water loses its turbulent energy upon reaching the small cracks in the
home structure, and therefore these particles fall out of the water column on the outside of the
home. Only the finest particles remain suspended and make their way inside the home with the
floodwaters, where they settle out on the home’s floors and interior surfaces when the
floodwaters stagnate. This sediment remains behind inside the home after the floodwaters have
been pumped out of the city, and functions as a source of toxic and hazardous chemical
pollutants.
1.2.3 Fine Sediment Particle Pollutant Loadings
In a contaminated lake or river sediment, fine particles are often associated with the
greatest pollutant loadings (Kleineidam et al. 1999; Talley et al. 2002; Shor et al. 2003; Vulava
et al. 2007). The fine particle fraction, defined as those sediment particles with diameter smaller
than 63 µm, is comprised of silts and clays. These materials have a high specific surface area
and large quantity of mineral adsorption sites which are available for the sequestration of metal
and organic pollutants from the water column (Kleineidam et al. 1999; Talley et al. 2002; Shor et
al. 2003). Fine sediment particles also have a high natural organic matter (NOM) content, and
the humic/fulvic composition of the NOM also serves to absorb and trap metal and organic
aqueous contaminants (Mayer 1994; Mayer 1999; Arnarson and Keil 2001). Several studies
have shown that over 95% of the chemicals in a contaminated sediment are associated with the
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fine particle fraction (Kleineidam et al. 1999; Shor et al. 2003). In contrast, the sand fraction, or
particles larger than 63 µm, are geochemically distinguished from their fine particle counterparts
by the lack of any appreciable adsorption sites and natural organic matter. Consequently, larger
sand particles are rarely associated with any significant contaminant loadings.
As a result, the winnowing/filtering process previously described which selectively
deposits fine grained sediment material inside homes can induce a concentration gradient in
sediment contaminant loadings, whereby material which settles inside homes can posses a
greater contaminant loading than material settling outside the home. This difference becomes
extremely important to returning residents, who spend a great amount of time indoors after the
flood trying to clean up and salvage personal belongings and mementos, and can be exposed to a
much higher concentration of sediment pollutants than what had previously been predicted based
solely on outdoor sediment measurements.
1.2.4 Partitioning of Volatile and Semi-Volatile Organic Sediment Contaminants
Understanding the chemodynamic behavior of indoor sediment pollutants is critical to
predicting the short- and long-term mobility of sediment pollutants. As many flood-damaged
homes remain abandoned and sealed for weeks, months, or even years after Katrina’s landfall,
chemical pollutants in indoor sediments can distribute themselves among several different phases
inside the homes. Volatile and the high vapor pressure semi-volatile organics in the sediment
can evaporate into the vapor-phase inside the homes, where they may be inhaled by residents and
others working inside. Several studies have observed high sediment-to-air fluxes, especially for
the VOCs, from contaminated sediments exposed to air (Valsaraj 1997; Ravikrishna et al. 1998;
de Seze et al. 2000a; de Seze et al. 2000b). Two primary characteristics influencing the flux of
organic species from sediment to the vapor phase are the nature of the sediment particles and the
sediment moisture content.
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The sediment geochemistry, and composition of sand, silt, and clay fractions influence
the sequestration of organic pollutants through the availability of mineral adsorption sites and
natural organic matter, as described in the previous section. Sediment moisture content is very
important in describing sediment pollutant chemodynamics, due to the competition between
water molecules and organic compounds for adsorption sites on the sediment particle surface
(Valsaraj and Thibodeaux 1988). At high moisture content, water molecules attach to and block
access to mineral adsorption sites. Many organic species are forced off of the sediment surface
and into the gas phase, resulting in a very high flux of organic chemicals (Valsaraj 1997;
Ravikrishna et al. 1998). This scenario has been previously observed when farmland is irrigated
very soon after the application of pesticides (Yates 2006). Conversely, for very dry sediments,
there is little water to interfere with the adsorption of organic compounds to the sediment mineral
surface. Thus these species are very strongly retained, and flux to the gas phase is much lower
than for wet sediment (Valsaraj and Thibodeaux 1988). Damp sediments exhibit intermediate
behavior.
As the Katrina-flooded homes sit hot, damp, and empty, mold begins to grow on the
inside walls of numerous homes, and the growing films emit a continuous flow of mold spores
into the vapor phase. Volatile and semi-volatile organic chemicals which have volatilized from
the sediment into the gas phase can be absorbed by the mold film or spores, introducing another
dermal or inhalation exposure route to persons working inside the home. Reactions in the vapor
phase with hydroxyl and nitrate radicals and ozone, as well as air exchange with fresh, outdoor
air, can further decrease concentrations of organics and mold spores in the gas phase.
1.2.5 Indoor Air Quality and Modeling
Recently, indoor air quality has garnered a greater amount of scientific attention, due to
the presence of contaminants detected in high concentration in the gas-phase, and the amount of
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time that people are now spending indoors (Weschler 2009). Indoor ozone generation, and the
emission of formaldehyde and plasticizers from indoor upholstery and other household goods has
brought greater scrutiny to an environment which has largely been overlooked in the past
(Matthews et al. 1986). Models have also emerged for predicting concentrations inside homes
and other buildings. Some models may be overly simplistic, such as the popular indoor box
model. The box model assumes that the vapor-phase inside the home is well-mixed, assumes a
steady-state emission rate of the chemical of interest, and sometimes accounts for gas-phase
reaction (Valsaraj 2000). Such a model is a useful first-approximation, but lacks the capacity to
include absorption or adsorption of contaminants by other indoor phases, such as mold or the
home walls, and also neglects transient chemical flux and surface reactions. Other box models
may be overly complicated, and not appropriate for all situations. An example is the Master
Chemical Mechanism indoor box model, which accounts for over 15,000 gas-phase chemical
reactions (Carslaw 2007). Even for its complexity in accounting for reactive generation and
degradation of air pollutants, the model is still limited to a steady-state indoor emission rate.
Application of steady-state box models to indoor pollutants with a constant emission rate should
be done with great caution, because the chemical flux in the model is not bounded by the
thermodynamic limit set by the gas phase vapor pressure.
For semi-volatile species such as the plasticizers diffusing from upholstery and soft goods
in the home into the vapor-phase, a nearly steady emission rate may be appropriate. However,
for volatile species on sediment particle surfaces, a transient flux must be employed due to
sediment-particle interactions which exert rate-limiting influence over the evaporation of VOCs
from the sediment. In addition, there is great need for a model which appropriately balances
process reality with computational efficiency. Simplistic models find widespread use due to
their mathematical ease, but often lack description of the relevant chemodynamic processes to
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generate results applicable for an exposure analysis. At the opposite extreme, models which
require a complex numerical solution by supercomputer may produce results which more closely
predict the actual indoor chemodynamic pollutant behavior. However, the expense and
processing time required for such solutions precludes its use as a real-time or near-time exposure
analysis tool.
1.2.6 Aerosolization of Contaminated Debris
As clean-up progresses, disposal of contaminated debris can result in a large quantity of
material being released to the air, either in the vapor-phase or as particulate aerosol. Several
VOCs, phthalates, and PAH were detected in ambient air samples at concentrations greater than
background levels in post-Katrina air samples, reflecting the importance of sediment – gas
partitioning described previously (Ravikrishna and Valsaraj 2008). Particulates were also
detected in the air at concentrations from 200 – 3900 µg/m3 (Ravikrishna and Valsaraj 2008).
These particulates contained high loadings of both metal and organic contaminants, and are
presumably a result of sediment particle resuspension and aerosolization. Airborne titanium
concentrations have been detected at high levels, both in post-Katrina samples in New Orleans,
as well as in samples taken near the World Trade Center in New York City in the aftermath of
the terrorist attacks of September 11, 2001 (McGee et al. 2003; Ravikrishna and Valsaraj 2008).
Because the technique used to measure these metals cannot distinguish between metals and metal
oxides, it is unclear as to whether the titanium detected is present as elemental Ti or as TiO2.
The most likely result is titanium dioxide, due to its abundant use in paints and other building
materials. The presence of aerosolized TiO2 may greatly alter the chemodynamics of volatile
and semi-volatile organic species in the gas-phase, due to titanium dioxide’s well-known
photocatalytic properties (Ollis and Pruden 1982).
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1.3 Organic Vapor – Ultrafine Particle Interactions
In addition to homogeneous gas phase reactions, vapor-phase organic pollutants can also
participate in heterogeneous reactions with solid or liquid reactive surfaces and particles.
Particles which are photocatalytic are of particular importance, due to their ability to induce
reactions with gaseous organic species in the presence of natural sunlight. The impact of the
photocatalytic reaction products with regard to human health and the environment cannot be
ignored, and is a vital component of the overall chemodynamic behavior of volatile and semivolatile contaminants.
Titanium dioxide ultrafine particles (nanoparticles), which are photocatalytically active in
the presence of UV light, have found widespread use in paints, sunscreens, and cosmetic
products. The presence of the TiO2 nanoparticles makes the material surfaces themselves
photoactive; TiO2 nanoparticles can also serve as reaction centers in the atmosphere if they are
released or aerosolized from their surface matrices. Consequently, vapor-phase organic
pollutants can be photocatalytically degraded by surface reactions with TiO2 laden paints and
sunscreens, as well as with aerosolized TiO2 nanoparticles in the atmosphere.
1.4 Atmospheric Fate, Transport, and Human Health Effects of Ultrafine Particles
Nanoparticle fate and transport in the atmosphere is inherently different than that of
micron and larger size materials due to the effects of particle size. Nanoparticles possess
enhanced reactivity and toxicity compared to their larger-scale counterparts.
1.4.1 Nanoparticles Sources
Nanoparticles are generally defined as those particles with at least one dimension less
than 100 nm, and are sometimes referred to as ultrafine particles (Madelaine 1979; McMurry
1983; Panda and Pratsinis 1995; Hohr et al. 2002; Masciangioli and Zhang 2003; Drewnick
2004; Biswas and Wu 2005; Roco 2005; Guzman et al. 2006; Nel et al. 2006; Wedin 2006;
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Wiesner et al. 2006). Nanoparticles come from both natural and anthropogenic sources. Pollen
and virus particles are naturally occurring nanoparticles, as are the resulting products of
weathering and microbial processes, as well as sandstorms and forest fires (Masciangioli and
Zhang 2003; Biswas and Wu 2005; Roco 2005; Guzman et al. 2006). Anthropogenic sources of
nanoparticles include byproducts of combustion processes, including gasoline and diesel engines,
coal-fired power plants, incinerators, and welding torches (Hirano et al. 2003; Biswas and Wu
2005; Roco 2005). The most prominent feature of nanoparticles that distinguishes them from
their micron-sized counterparts is the increase in specific surface area, especially for highly
porous nanoparticles (Masciangioli and Zhang 2003; Biswas and Wu 2005; Wiesner et al. 2006).
Increased specific surface area results in more active sites with which to photocatalyze reactions,
thus making the nano-scale particles more reactive than their larger counterparts (Zamaraev et al.
1994; Hohr et al. 2002; Hirano et al. 2003). High specific surface area also enhances toxicity by
increasing particle bioavailability (Guzman et al. 2006; Wiesner et al. 2006). As a result, some
researchers now consider nanoparticles to be a new class of chemical toxins in and of themselves
(Zhang and Karn 2005).
1.4.2

Nanoparticle Transport Properties
In addition to greater reactivity, nanoparticles also inherently possess a greater propensity

for transport in the gas phase than micron and larger sized particles, such as PM2.5 and PM10
(Biswas and Wu 2005). Diffusion of these particles in the atmosphere is very rapid, and is
governed by the Stokes-Einstein equation (Biswas and Wu 2005; Limbach et al. 2005):

D=

k bT
6πµd

(1-1)

where D is the diffusion coefficient, kb is Boltzmann’s constant, T the absolute temperature, µ
the material viscosity, and d the particle diameter. At 20°C and 1 atm, for a 1 nm spherical
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particle, Stokes-Einstein gives D = 5.14 x 10-2 cm2/sec, compared to D = 2.77 x 10-7 cm2/sec for
a 1 µm spherical particle—a three order of magnitude decrease in the particle diameter results in
a five order of magnitude increase in the diffusion coefficient for particles of the same chemical
composition (Friedlander 2000). Even though nanoparticles have very high deposition velocities
relative to their micron-sized counterparts, nanoparticles can more easily become resuspended by
wind currents, thus prolonging their atmospheric lifetime (Thibodeaux 1996; Biswas and Wu
2005).
In the case of paint and sunscreen formulations containing nano-titanium dioxide, for a
photoreaction to take place, reactant must diffuse to the catalyst surface, adsorb, and then react.
For in-tact surfaces, such as painted walls on homes or buildings, or thin films of sunscreen
spread across human skin, the overall photoreaction may be significantly mass-transfer limited,
as the reactant must first diffuse through the boundary layer near the surface, then diffuse further
within the film to reach a catalyst particle. However, if nanoparticles of titanium dioxide
become freely dispersed in the local atmosphere after being evolved from their original matrix,
the specific surface area of the particles greatly increases, mass transfer restrictions will be
significantly reduced, and the photoreaction rate of atmospheric gaseous pollutants on the
particle surface will increase considerably. These two situations are shown graphically in Figure
1.1.

Figure 1.1 Chemical (A) diffusion to surfaces and aerosolized particles
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In addition to enhanced reactivity and transport, many typical loss processes for
atmospheric particles do not apply at the nano-scale (Biswas and Wu 2005). For example,
gravitational settling has little effect on nano-scale particles, even after significant agglomeration
has occurred because of their negligible mass (Chen et al. 1993; Biswas and Wu 2005). Particle
dry deposition by Brownian motion can result in particle settling through the atmospheric
boundary layer. Nanoparticles are also removed by wet deposition and by uptake and
scavenging into larger aerosol particles and water droplets.
1.4.3 Nanoparticle Human Health Effects
Recently, numerous toxicity studies have emerged suggesting that exposure to
nanoparticles of various types can be toxic to humans, animals, and other biological species
through inhalation, dermal contact, or ingestion (Chianelli et al. 1998; Donaldson et al. 2001;
Long et al. 2006; Wiesner et al. 2006). There is currently a debate among the toxicology
literature as to the specific physicochemical properties of TiO2 nanoparticles that cause the
inflammatory response (Nel et al. 2006; Rothen-Rutishauer et al. 2006). Some studies suggest
that particle surface area is of primary importance, others that the particle size is dominant, and
still others are inconclusive (Siegmann et al. 1999; Donaldson et al. 2001; Hohr et al. 2002;
Limbach et al. 2005; Brunner et al. 2006; Long et al. 2006; Rothen-Rutishauer et al. 2006).
However, all studies generally agree that particle sizes below 1 µm are of particular importance
because of their ability to reach the alveolus of the lung and to penetrate red blood cells
(Siegmann et al. 1999; Hirano et al. 2003; Rothen-Rutishauer et al. 2006). Additionally,
exposure of cells and tissues to nanoparticles results in the production of reactive oxygen species
(ROS), which can damage proteins and cell DNA (Long et al. 2006; Nel et al. 2006; Wedin
2006; Wiesner et al. 2006). A recent study has shown that TiO2 nanoparticles found in
commercial sunscreen products are indeed photoactive, and can produce ROS which damage
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skin cells (Vileno et al. 2007). Other observed effects include: protein denaturation,
mitochondrial perturbation, and penetration of the blood-brain barrier (Roco 2005; Long et al.
2006; Nel et al. 2006; Wedin 2006). Almost all of these toxic effects are a direct result of the
nanoparticle’s diameter (size), and result in a net toxicity greater than that of the fine (micron)
sized particles (Biswas and Wu 2005; Brunner et al. 2006; Rothen-Rutishauer et al. 2006).
For the aforementioned reasons, nanoparticles are expected to have longer atmospheric
lifetimes and greater overall toxicity than PM2.5 and PM10, which is cause for concern regarding
their fate and reactivity once released to the atmosphere (Biswas and Wu 2005; Guzman et al.
2006). In fact, titanium dioxide particles have already been detected in the ambient air of El
Paso, Texas, and Lexington, Kentucky (Murr and Bang 2003; Chen et al. 2006). Exposure of
humans to toxic nanoparticles, as well as to toxic degradation products of nanoparticle-induced
photoreactions of organic pollutants, is an area which should be fully explored.
1.4.4 Mechanism of Titanium Dioxide Photocatalysis
Titania nanoparticles are among the most widely used in consumer products today.
Because titania is a known photocatalyst, TiO2 nanoparticles in the atmosphere have the ability
to photocatalyze the degradation of a variety of atmospheric pollutants. Of the two primary
phases of titania, anatase and rutile, rutile is the more thermodynamically stable phase, but it is
generally accepted that the anatase phase is more photocatalytically active (Fox and Dulay 1993;
Hoffmann et al. 1995; Linsebigler et al. 1995; Zhang et al. 1998; Wang et al. 2005; Wang et al.
2007). Most of the industrial formulations of titania are a mixture of the two phases in different
proportions.
1.4.4.1 Photocatalytic Properties
Anatase titania has long been known to act as a photocatalyst. TiO2 is a semiconductor
with a band gap large enough (3.2 eV) to be excited by solar UV radiation (Linsebigler et al.
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1995; Masciangioli and Zhang 2003). When the TiO2 semiconductor particle is exposed to
photons of light having energy greater than the energy of the band gap, an electron is promoted
from the valence band to the conduction band of the semiconductor, resulting in an hole (h+) at
the valence band (Fox and Dulay 1993; Hoffmann et al. 1995). The resulting hole then can
initiate chemical reactions on the surface of the semiconductor particle, or in a bulk phase
solvent surrounding the particle by diffusion (Fox and Dulay 1993; Schwitzgebel et al. 1995;
Kumar et al. 2006). Oxidation/reduction reactions commonly occur on the surface of the particle
between an adsorbed organic species and the photogenerated electron (reductant) or hole
(oxidant) (Zamaraev et al. 1994). These powerful properties of titania have been exploited for
years as a catalyst for the destruction of organic molecules and the polycyclic aromatic
hydrocarbons, including: acenapthene, anthracene, fluorene, naphthalene, methanol, ethanol, and
organochlorides, acetaldehyde, formaldehyde, trichloroethylene, 4-chlorophenol, chloroform,
pentachlorophenol, carbon tetrachloride, and many others (Ollis et al. 1991; Das et al. 1994;
Anderson and Bard 1995; Hoffmann et al. 1995; Linsebigler et al. 1995; Chen et al. 1999;
Fujishima et al. 2000). In fact, it has been shown that nearly any organic functional group with a
lone pair of electrons or conjugated π-electron system can be photodegraded by UV-irradiated
titania (Fox and Dulay 1993).
There is also some evidence that photogenerated holes first react with adsorbed water on
the titania surface to produce OH radicals, which then react with the organic species
(Schwitzgebel et al. 1995; Fujishima et al. 2000). Fox and Dulay (1993) have pointed out that
OH radicals trapped on a semiconductor surface and a surface-trapped hole (h+) are
indistinguishable species (Fox and Dulay 1993). Therefore, similar reactions that occur between
organic pollutants and OH radicals in the atmosphere would be expected to occur on the
semiconductor surface between adsorbed organic compounds and photogenerated holes.
14

While anatase is known to be the more photocatalytically active phase, rutile TiO2 is also
photoactive under certain conditions. Experiments with dyes and other materials reveal that, in
the presence of photosensitizer compounds which can act as charge transfer agents, rutile
titanium dioxide can also photocatalyze reactions in the presence of UV light (Linsebigler et al.
1995; Allen et al. 2005). This is important to note, because the TiO2 nanoparticles used in paints
are predominately rutile (Braun et al. 1992; Debnath and Vaidya 2006). Even though reactions
may proceed more slowly on rutile surfaces than anatase surfaces, rutile is still sufficiently active
to photocatalyze reactions with organic compounds.
1.4.5 Atmospheric Gas-Phase Polycyclic Aromatic Hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) are important atmospheric pollutants, and are
found all over the world. Gas phase degradation products of the PAHs, resulting from reactions
with OH radical, NO3 radical, and ozone, can in some cases be more toxic than the parent PAH
compound (Nikolaou et al. 1984).
1.4.5.1 Atmospheric PAH
Many PAH are emitted into the atmosphere every day from both natural and
anthropogenic sources. Natural sources of PAH include forest fires, as well as geological and
sedimentary processes; anthropogenic PAH are products of automobile exhaust, industrial
emissions, trash burning, and cigarette smoke (Nikolaou et al. 1984). Atmospheric PAH include:
xylenes, chlorobenzenes, nitrobenzene, phenol, nitrophenols, dimethylphenols, cresols , pyrene,
chrysene, benzo[a]anthracene, benzo[a]pyrene, fluoranthene, fluorene, anthracene, ethylbenzene
and ethyltoluene, catechol, cumene, naphthalene, styrene, halogenated PAH, and many others
(Nikolaou et al. 1984; Grosjean 1991; Kao 1994; Turpin et al. 2000; Ho and Lee 2002). Many of
these PAH have substantial atmospheric lifetimes, on the order of several days, which provides
ample time to participate in atmospheric chemical reactions (Kao 1994). In addition, exposure to
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PAH has been demonstrated to cause numerous health problems for humans, including decreased
mental development for children exposed to atmospheric PAH (Perera et al. 2006).
1.4.5.2 PAH Atmospheric Decomposition
The primary removal mechanisms for polycyclic aromatic hydrocarbons and other
volatile organic pollutants from the atmosphere is by reaction with the OH radical (Kwok et al.
1994; Brubaker Jr. and Hites 1998; Lee et al. 2003; Rohrer and Berresheim 2006). Two possible
mechanisms have been proposed for this reaction: proton abstraction from the C-H bonds of one
of the alkyl groups or OH radical addition to the aromatic ring (Kao 1994). Depending on the
aromatic and the type of reaction that takes place, this can result in oxidation of the PAH to a
ketone, dione, quinone, aldehyde, or endoperoxide, or a ring-opening reaction to an alcohol,
ketone, or wide variety of other products (Nikolaou et al. 1984).
1.4.5.3 Photodegradation Products of Naphthalene
Naphthalene is a two-ring PAH regularly emitted to the atmosphere from vehicle exhaust
(McConkey et al. 2002). Properties of naphthalene are shown in Table 1.1. The rate constant for
the reaction of naphthalene with OH radical at 294 K is reported to be 24.2 x 10-12 cm3/sec, and
has been found to be very insensitive to temperature (Atkinson et al. 1984; Brubaker Jr. and
Hites 1998). Photodegradation products of naphthalene are known to be highly toxic, and ringopening products seem to be the most abundant OH radical photodegradation products of
naphthalene, including trans-2-formylcinnamaldehyde (Sasaki et al. 1997; McConkey et al.
2002). Other products include 1-naphthol, coumarin, isobenzofuranone, 2-hydroxy-2,3-dihydro1,4-napthalenedione, cis-phenyl-2-propenal, and 8-hydroxy-1,2-naphthalenedione (McConkey et
al. 2002). The atmospheric lifetime of naphthalene has been reported to be on the order of 16
hours. Under photocatalytic conditions, it is also possible to achieve complete mineralization of
volatile organic compounds to CO2, which has already been demonstrated for formaldehyde and
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2-propanol (Ohko et al. 1998; Fujishima et al. 2000; Wang et al. 2004; Allen et al. 2005; Yu et
al. 2007). It is certainly plausible that a fraction of gaseous, semi-volatile naphthalene may also
be converted to CO2.
1.4.6 Role of Water Vapor in Atmospheric Chemistry and Photocatalysis
The relative humidity of the atmosphere plays a major role in influencing the degree of
hydration of atmospheric particles. Heterogeneous nucleation of water vapor on the surface of
particles such as TiO2 contributes to increased reactivity of the semiconductor.

Table 1.1 Properties of the PAH to be studied

Naphthalene
128 g mol-1

Molecular
Weight
Hazards

Toxic,
carcinogen,
combustible

Vapor
-1
Pressure 2.47 x 10 mmHg
at 25°C
Ref: (Allen 1997; Marr et al. 2006)
1.4.6.1 Heterogeneous Nucleation of Water Vapor
Nucleation of water vapor on micrometer and nanometer sized particles has been
extensively studied (Fletcher 1958; Chen et al. 1993; Lazaridis 1993; Kerminen 1997;
Ravishankara 1997; Chen and Tao 2000; Padilla and Talanquer 2001). Heterogeneous
nucleation is a function of many variables, including both particle size and relative humidity
(Chen et al. 1993). Water can also condense on the surface of particles in the atmosphere,
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wetting the particle surface with a monolayer or more of water (Chen and Tao 2000). It is
widely established that water effectively competes with organics for adsorption sites on catalyst
surfaces, including TiO2 (Valsaraj and Thibodeaux 1988; de Seze et al. 2000b). Thus,
nanoparticles released into the atmosphere will likely be coated with a layer of water which can
enhance their catalytic activity towards organic compounds.
1.4.6.2 Water-Assisted Uptake and Degradation of Organic Molecules
The water coating on the particle surface is also important because it can increase the
uptake of organic contaminants from the atmosphere (de Seze et al. 2000b). It has been
previously shown that concentrations of organic contaminants greater than those predicted by
phase equilibrium calculations are found in submicrometer water droplets due to surface
adsorption (Raja et al. 2002; Raja and Valsaraj 2004b; Raja and Valsaraj 2004a). Surface
adsorption of aromatic hydrocarbons at the gas-water interface not only enhances the
concentration of these species in the aerosol particle but, in the case of photocatalysts such as
TiO2, enables more of the organic contaminant to be available for photooxidation or
photoreaction. In addition to adsorption at the surface, organic molecules that are even slightly
hydrophilic can be taken up into the bulk water layer, thus resulting in dissolved organics, as
well as organics adsorbed to the particle surface and at the air-water interface (Klan and
Holoubek 2002; Raja et al. 2002; Raja and Valsaraj 2004a; Raja and Valsaraj 2004b). In the
case of photocatalyts such as TiO2, photoexcitation of the semiconductor surface will result in
the production of OH radicals from the adsorbed water layer (Fujishima et al. 2000). The OH
radicals can then attack the organic compounds dissolved in the bulk water phase, adsorbed on
the particle surface, as well as those adsorbed at the air-water interface, resulting in a large
number of potential photodegradation products. Thus the adsorbed or condensed water
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surrounding a TiO2 nanoparticle plays a very important role in its atmospheric photochemistry,
and must be accounted for in investigating the fate and transport of atmospheric nanoparticles.
1.5 Outline of Research
In this study, the fate, transport, and environmental chemodynamics of fine and ultrafine
particles are explored, particularly relating to their implications in natural disasters. The major
thrusts of the research are three-fold:
1.) Sediments which were deposited inside flooded homes in New Orleans by Hurricane
Katrina floodwaters are analyzed. The particle size distribution as well as the
concentration of metal and organic contaminants is obtained, to determine if indeed a
winnowing/fractionation process occurs which selectively deposits highly contaminated
material inside flooded homes.
2.) Based on the results of the sediment analysis, mathematical models are constructed to
evaluate the transport and distribution of volatile and semi-volatile organic compounds
from the sediment to the vapor and mold phases inside the homes. Results of these
models will produce valuable insights into pollutant chemodynamic behavior in natural
disasters, and will also enable exposure predictions to be made to determine the extent of
hazardous chemical exposure to returning residents and first responders inside the homes.
3.) Reactivity of gas-phase semi-volatile organic compounds on ultrafine particles of TiO2
will be evaluated. Reactive degradation on the surface of TiO2 nanoparticles is another
process which affects the fate of gas-phase VOCs and SVOCs in both indoor and outdoor
environments. Experiments are conducted to generate this kinetic data, which is an
integral part of understanding the overall chemodynamics of organic compounds on fine
and ultrafine particles.
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CHAPTER 2
PARTICLE AND CHEMICAL CHARACTERIZATION OF SEDIMENTS
INSIDE HOMES FLOODED BY HURRICANE KATRINA
IN NEW ORLEANS, LOUISIANA*
2.1 Introduction
Hurricane Katrina struck the Louisiana and Mississippi Gulf coasts on August 29, 2005.
Due to the storm surge, high winds, and heavy rains, levees on many of New Orleans’ drainage
canals failed, causing water carrying suspended sediments from the canals and Lake
Pontchartrain to flood 80% of the city. Failure of pumps and the lack of electricity kept the
flooded parts of the city underwater for nearly two weeks, until the pumps could be restarted and
the floodwaters pumped back into Lake Pontchartrain, leaving sediment that had settled out of
the water column behind.
Lake Pontchartrain is a predominantly freshwater lake located in southern Louisiana
adjacent to New Orleans. The lake has an approximate area of 1,645 square kilometers, an
average depth of four meters, and is estimated to be about 3,000 years old. The lake receives
discharges of riverine water of approximately 228 m3 sec-1, as well as inputs of stormwater,
treated and untreated sewage from the New Orleans metropolitan area, and freshwater from the
Mississippi River via the Bonnet Carré Spillway (Flowers and Isphording 1990; Argyrou et al.
1997; Bianchi and Argyrou 1997). The sediments of Lake Pontchartrain are dominated by silts
and clays, which combined account for 81% of the total bottom sediment (Argyrou et al. 1997).
It has been shown that the sediments of Lake Pontchartrain can be resuspended by surface wind
speeds as low as 16 kilometers per hour (Bianchi and Argyrou 1997). The gale force winds

*
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contaminant concentrations—the consequence of a particle settling-winnowing process from
Hurricane Katrina floodwaters.” Copyright Elsevier, 2008.
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experienced by Lake Pontchartrain and New Orleans during Hurricane Katrina would then be
expected to greatly disturb the bottom sediments, causing sediment resuspension and mixing
within the water column (Sanchez et al. 2002). Upon failure of the levees protecting New
Orleans, well-mixed Lake Pontchartrain waters with suspended sediment flooded residential and
industrial areas. Settling of the suspended sediment was evident in the many images after the
storm, where layers of sediment deposits can be seen on everything from streets, homes, cars,
fauna, and even trees.
Because suspended sediment particles of the smallest sizes will remain suspended for the
longest period of time, they will not settle out until the bulk velocity of the water is stopped, i.e.,
in a quiescent environment. Homes and other buildings provide excellent locations for this
settling during the flooding of an urban area. Additionally, the home acts as a natural “filter”
against large particles, because water to flood the home must dramatically slow in velocity
before it seeps through small cracks in the doors and windows—in only a few cases such as
houses situated adjacent to a levee breach was the structural integrity of the home’s outer walls
and windows compromised. With lower velocity and reduced turbulence, large particles settle
and remain outside the homes, and are thus effectively winnowed from the finer silt and clay
particles. As a result only the smallest suspended sediment particles make it indoors, where they
settle out when the water effectively stagnates. During pump-out of the floodwaters, waters
receded slowly over a period of many days, creating little if any disturbance to the settled
sediments. This process is shown schematically in Figure 2.1.
Metal and organic pollutants in sediment are often correlated with sediment grain size,
with contaminant loadings increasing as particle size decreases. The sediment particles that
settled out on the floors and surfaces of the home after the flooding, therefore, are expected to
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Figure 2.1 Particle winnowing/settling process from Hurricane Katrina floodwaters showing
(a) fine particle winnowing/filtration, (b) particle settling and water pump-out, and
(c) fine sediment particles left behind inside flooded homes (Ashley et al. 2008).
Reprinted by permission of the American Society of Civil Engineers, copyright 2008 ASCE.

contain a greater amount of pollutants than those larger particles which settled out on the outside
of the homes, in addition to the streets, grass, and other open areas. The relationship between
particle size and contaminant concentration has been shown previously. The fraction of
sediment having a grain size below 63 µm, which is composed of silt, clay, and coal-derived
material, has been shown to contain greater than 95% of the contaminants associated with a
contaminated sediment (Kleineidam et al. 1999; Talley et al. 2002; Shor et al. 2003; Vulava et al.
2007). The specific surface area, percentage organic matter, and number of adsorption sites on
sediment particles smaller than 63 µm in size combine to account for the high concentrations of
pollutants associated with the smallest sediment grain size (Kleineidam et al. 1999; Talley et al.
2002; Shor et al. 2003).
The objective of this research was to quantify the contaminants found in sediment
deposited inside two typical homes, and determine pollutant concentrations and particle size
distributions. All metals and semi-volatile organic pollutants are traced back to Lake
Pontchartrain and other localized sources, where the compounds were known to exist prior to
Hurricane Katrina.
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2.2 Materials and Methods
Levee material samples were collected at the locations of two levee breaches on
September 22, 2005. One sample was taken at the intersection of Robert E. Lee Blvd. and Pratt
Drive in New Orleans, near the levee breach on the London Avenue Canal, at 30° 1'16.61"N, 90°
4'17.80"W. The second sample was collected from the Lower Ninth Ward of New Orleans, near
a levee breach on the Industrial Canal at 29°58'24.43"N, 90° 1'16.63"W.
Samples were collected from the inside of two Katrina-flooded homes with the
permission of the homeowners. Both homes sampled were from the Lakeview subdivision of
New Orleans, in Orleans Parish. Figure 2.2 shows the location of the sampling sites and location
of the levee breach along the 17th Street Canal, which is the entry point for floodwaters into the
Lakeview subdivision. Lakeview is bounded on the west side by the 17th Street Canal and on the
east by the Orleans Avenue Canal. Floodwaters and sediment entered the area through the levee
breach in the 17th Street Canal, flowing from west to east and north to south; the Orleans Avenue
Canal was not compromised. Home # 1 is located at 30º0’36.18”N, 90º5’59.48”W and home # 2
is located at 30º0’17.74”N, 90º6’5.66”W.
2.2.1 Sampling
Sediment samples were collected from the first home on February 27, 2006, and from the
second home on May 16, 2006. Both homes remained virtually undisturbed after the storm, with
only one prior entry by the homeowners, and with no doors or windows left opened. Sediment
deposits in each home were only a few millimeters thick—therefore sediment samples were
scraped off the floors (linoleum and tile in home # 1, tile in home # 2) and placed into glass jars
which were previously cleaned and dried. The samples were then placed in an ice bath until their
return to the laboratory, less than twelve hours later, where they were placed in the refrigerator.
Samples were grounded in a mortar and pestle prior to the analysis for metals and SVOCs.
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A total of five samples were collected from the first home, along with two samples from the
second home.
2.2.2 Metals Analysis
Trace metals were analyzed for each sample by a method based on EPA 3051 and 6020.
Metals were extracted by microwave-assisted acid digestion in 70% nitric acid, then were
filtered, rinsed and diluted for analysis with inductively coupled plasma-mass spectrometry (ICPMS). A complete description of the acid digestion procedure is provided in Appendix A.
Quality control was maintained by processing and analyzing blank samples during the extraction
process, as well as by evaluating internal standards on the ICP-MS (Perkin Elmer ELAN 9000).
Metal concentrations detected in the method blanks were subtracted from concentrations
detected in the sample solutions. Internal standards across the entire sample set were normally
distributed. Analytical variability was evaluated by processing a known standard 13 times and
quantifying the total deviation in each measurement from the average. The total percent error in
measurements for almost all metals ranged from 1-5%, with the lone exceptions being:
aluminum 23%, sodium 9%, and antimony 35%.
2.2.3 Organic Analysis
Semi-volatile organics were extracted in acetone/hexane solvent using an ultrasonic
extraction procedure similar to EPA 3550B. The sediment extracts were then concentrated by
solvent evaporation under nitrogen, and analyzed on the gas chromatograph-mass spectrometer
(GC-MS, Agilent Technologies 6890N GC/5173 MSD) by EPA method 8270C. Unknown
products were first identified using the spectral search routine software on the GC-MS, and then
quantified by preparing calibration standards of the identified compounds, matching both
retention time on the chromatogram as well as the mass spectrum. Quality control was
maintained by processing and analyzing blank samples during the extraction process, by
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Figure 2.2 Sampling locations in Lakeview subdivision of New Orleans
(Top) Map of New Orleans showing sampling locations. The Louisiana Superdome is
shown as a reference. (Bottom) View of Lakeview showing two homes sampled
and location of the levee breach on the 17th Street Canal.
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obtaining linear calibrations for all compounds, by evaluating recovery of SVOCs using
laboratory-spiked sediment extracts, and by quantifying analytical variability by processing
known standards five times and determining the percent error in measurement. Recoveries and
percent errors for each major class of compounds are as follows: alkanes 62 % (±7%),
biologicals 67% (±8%), pesticides 71% (±1%), PAHs 77% (±3%), and organic acids 102%
(±3%). Concentrations of each group of compounds calculated from the GC-MS calibrations
were adjusted for the recovery of that class, with the exception of organic acids which were not
adjusted.
2.2.4 Particle Size Distribution and Fraction Organic Carbon
Due to the limited amount of material available, all sediment samples from each home
were compounded into two samples (home # 1 and 2). The composites were then analyzed on a
Micromeritics SediGraph 5100 particle size analyzer to provide a continuous particle size
distribution for each house. Levee material samples (from the London Avenue and Industrial
Canals) were fractionated by dry sieving into three size ranges: 1000 – 250 µm, 250 – 63 µm,
and smaller than 63 µm. Material greater than 1000 µm in diameter (rocks, leaves, sticks) was
excluded from analysis.
The samples were also analyzed for total organic carbon (TOC) using a Shimadzu SSM5000A solid sample combustion unit coupled to a Shimadzu TOC-5050A carbon analyzer. Total
organic carbon (TOC) was found by the difference of total carbon and inorganic carbon.
2.3 Results
2.3.1 Particle Size Distribution and Organic Carbon
The particle size distributions for both homes are shown in Figure 2.3. The fraction
organic carbon and fraction of sediment in the sand, silt, and clay regimes are given in Table 2.1.
For home # 1, greater than 92% of the particles are below 63 µm in diameter, and for home # 2,
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greater than 99% of the particles are below 63 µm in diameter. In both cases, the particle size
distribution is overwhelmingly dominated by small particles, as was expected. No black (coalderived) particles were observed in either sample, so the 63 µm and smaller particles are
composed of silt and clay, which contain high specific surface areas and large numbers of
adsorption sites. The percentage organic carbon is in line with other natural sediments with high
clay contents. By comparison, levee material samples are comprised of a maximum of 1.1% to
45.3% silt and clay particles, for the London Avenue and Industrial Canals, respectively.
Comparison of the Lake Pontchartrain background sediment composition and levee material
composition with that found inside the homes clearly reveals that a selective winnowing of
particles has taken place prior to deposition in the quiescent environment—very few coarse
particles (sand) made their way inside the home, even though sand comprises nearly 20% of
Lake Pontchartrain bottom sediments, and the majority of the levee material. The finest particles
(clay) contribute a larger fraction of the material deposited inside houses (49 and 61%) than in
the original Lake sediments. We believe the winnowing process represents the combined effect
of fine particle screening (large particles cannot fit through the tiny cracks near doors and
windows and subsequently must settle outside as the water velocity and turbulence level
decreases to enter the confined space) and fine particle settling inside the home once the
floodwaters have stagnated.
2.3.2 Metals
Results of the trace metals analysis are presented in Figure 2.4, along with selected data
in Table 2.2. Results for all quantified metals in all samples, along with current U.S. EPA
regulatory limits are provided in Appendix B. Data in Figure 2.4 are presented in the form of
Weibull graphs, which plot cumulative probability against metal concentration on a logarithmic
scale, ranked in order for each analyate from lowest to highest. Data sets for both houses are
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Figure 2.3 Particle size distributions for sediment from two homes in
New Orleans, Louisiana, following Hurricane Katrina

Table 2.1 Fractionation of composite samples into sand, silt, and clay by particle size

Fraction
Sand
Silt
Clay
Fraction Organic
Carbon (foc)

Particle
Diameter
> 63 µm
4 µm < d < 63 µm
< 4 µm

Home #
1
7.4 %
43.2 %
49.4 %
0.086 ±
0.002

Home #
2
0.5 %
37.9 %
61.6 %
0.069 ±
0.008

London
Avenue
Canala
98.9 %

Industrial
Canala
54.7 %

1.1 %

45.3 %

0.0048

0.027

Lake
Pontchartrain
Bottom
Sedimentb
19 %
38 %
43 %
0.0092

a – Because physical fractionation was used for the levee samples, material in the
silt and clay regimes could not be further segregated
b – (Flowers and Isphording 1990)

combined in the Weibull plots, to determine whether or not the data closely follows a log-normal
distribution, as is true for most naturally occurring materials. The lines on the graph are intended
to be a guide for the eye in determining linearity of the data sets and should not be interpreted as
data regressions or best fits. For metals which deviate from linear behavior, local sources are
expected to play a role, as will be discussed later. Another advantage of the Weibull plots is that
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the mean and plus/minus one standard deviation of each metal for the data set can be read
directly from the graph, at the 50% and 16.6% and 83.3%’s, respectively.
Three metals were found in elevated concentrations in all samples—arsenic, cadmium,
and vanadium. These metals are significant because of their inherent toxicity and the threat
posed to human health and the environment.
Background concentrations of metals in the sediments of Lake Pontchartrain and in New
Orleans residential soils are shown in Table 2.3 (Byrne 1986; Overton et al. 1986; Flowers and
Isphording 1990; Mielke 1994; DeLaune and Gambrell 1996; Mielke et al. 2001; Mielke et al.
2004; Wang et al. 2004).

Figure 2.4 Composite log-probability plots for metals found in sediments from two homes in
New Orleans, Louisiana
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Table 2.2 Concentrations of selected metals in samples taken from two homes
(mg kg-1 dry sediment)
Home 1

Home 2

Metal

1

2

3

4

5

2-1

2-2

Average

As

61.9 ± 1.2

57.8 ± 1.2

62.9 ± 1.3

106 ± 2.2

43.3 ± 0.9

222 ± 4.5

166 ± 3.3

103

Cd

129 ± 1.3

176 ± 1.8

176 ± 1.8

1250 ± 12.5

176 ± 1.8

99.6 ± 1.0

108 ± 1.1

302

Pb

279 ± 5.6

248 ± 5.0

290 ± 5.8

360 ± 7.2

192 ± 3.9

796 ± 15.9

2210 ± 44.2

625

V

70.8 ± 1.4

56.0 ± 1.1

65.0 ± 1.3

70.9 ± 1.4

55.2 ± 1.1

50.4 ± 1.0

39.6 ± 0.8

58.3

Table 2.3 Background concentrations of selected metals in Lake Pontchartrain sediments
and New Orleans residential soils prior to Hurricane Katrina (mg kg-1 dry sediment)

Metal
As
Cd
Pb
V

Lake Pontchartrain Sediment Background
Byrne & DeLaune &
Flowers &
Overton
DeLeon
Gambrell
Isphording
et al.
(1986)
(1996)
(1990)
(1986)
0.5 – 1.5a
NR
NR
NR
0.12 –
0.9 – 1.0b
NR
0.20 – 2.50
0.19
6.9 – 8.4
36 – 50b
89 (max 808)
10 - 95
NR
NR
77 (max 153)
NR

New Orleans Soil Background Concentrations
Mielke
Mielke
Wang
Presley
et al.
et al.
Mielke
et al.
et al.
U.S. EPA
c
c
c
c
d
(2001)
(1994)
(2004)
(2006)
measurede
Metal (2004)
As
NR
NR
NR
NR
5.7 – 24.2
50
Cd
2–4
0.8 – 6.7
NR
0.9 – 6.7
NR
3.47
31.7 1–
31.7 341.5 –
Pb
86 - 251
174
4298
69000
5195
642.0
V
3–4
2 – 12.1
NR
2 - 12
NR
39.2
-1
a – mg kg wet sediment; b – from a sediment core sample, top 25 cm of sediment;
c – residential soil background concentrations; d – post-Katrina exterior
sediment samples; e – data from U.S. EPA exterior sediment samples post-Katrina
NR = not reported
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The most recent background concentrations are the values reported by Presley et al. (2006) from
sediment samples taken outdoors in residential areas of New Orleans post-Katrina. The U.S.
Environmental Protection Agency (EPA) data reported is from an exterior sediment sample
located between the two homes we sampled in this study (EPA 2005). It is clear that measured
in-home sediment metal concentrations following Hurricane Katrina flooding exceed most Lake
Pontchartrain sediment background concentrations, and nearly all residential soil background
concentrations. Compared to the outdoor sediment sample nearest the two homes in this study,
the average arsenic concentration from indoor samples is two times greater, cadmium nearly 100
times greater, lead 3.5 times greater, and vanadium nearly 1.5 times greater than the outdoor
sediment. Re-entry and other safety advisories based on measured outdoor sediment
concentrations, therefore, may have under-predicted the potential exposure to returning residents
and first-responders entering the flood-damaged homes in New Orleans.
Local sources are also expected to contribute to the elevated concentrations of some
metals seen in this study. The floodwaters must travel nearly 1.6 km between the levee breach
and the location of the two homes sampled in this study (see Figure 2.2), while moving through
numerous homes and yards, over streets, cemeteries, parking lots, playgrounds, parks, storage
spaces, and other open areas. Metal or organic materials in both soluble and particulate fractions
are accumulated into the floodwaters. Explicit local sources for some of the key metals are
discussed below.
Lead is heavily accumulated in New Orleans residential soils, as is typical in large, older
cities, and runoff from motor oil, spilled leaded gasoline, chipped lead paint, and particulate
leaded emissions have long contaminated New Orleans urban soils and Lake Pontchartrain
bottom sediments (Mielke 1994; Mielke 2000; Mielke et al. 2001; Mielke et al. 2004; Mielke
2006). Arsenic has been widely used as both an herbicide as well as in chromated copper
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arsenate, a preservative used in pressure-treated lumber, and as an embalming agent (Keimowitz
2005; Cobb 2006). Cadmium is indicative of petroleum refining and manufacturing activities in
the Pontchartrain estuary, as well as engine wear from automobiles, and many consumer
electronics (Manheim et al. 1997; Mielke et al. 2001). Vanadium may also be the result of
automobiles, as vanadium is found in both engine components in addition to gasoline, tires, and
engine lubricants (Mielke 2000). In any area with high accumulation of lead in the soil or
arsenic-based herbicide use prior to hurricane Katrina flooding, in addition to submerged
automobiles and in-home televisions and stereos post-flooding, it is little surprise that the nonlinearity of the Weibull plots indicates local sources of these materials.
This study is also not the first to report levels of some sediment contaminants that exceed
regulatory values. An extensive study by the U.S. Geological Survey of post-Katrina outdoor
deposited sediment in New Orleans reports individual samples of arsenic, lead, and vanadium at
levels of 114, 2180, and 64 mg kg-1, respectively, that exceed the average concentrations
reported in this study (Plumlee et al. 2006). Across all samples, however, the data shown in
Table 2.2 for the in-home deposited sediments generally exceed the outdoor concentrations,
although heterogeneities will always be present within any analysis of material from the natural
environment.
2.3.3 Organic Compounds
Twenty-six organic pollutants were quantified in the contaminated sediments, and are
shown in Table 2.4, sorted by chemical type. Materials detected include alkanes, one alkene, one
aldehyde, biologicals, esters, organic acids, pesticides, one polycyclic aromatic hydrocarbon
(PAH), and two volatile species. In particular, the pesticides dieldrin and chlordane, the PAH
fluoranthene, and the more volatile trimethyl benzenes deserve special attention.
40

The Louisiana Department of Environmental Quality (LDEQ) has issued minimum
remediation standards for environmental pollutants known as Risk Evaluation/Corrective Action
Program (RECAP) values for uncontrolled environmental releases
(http://www.deq.louisiana.gov/portal/Portals/0/technology/recap/03TAB1.XLS). In general,
pollutants having measured concentrations greater than the RECAP values could pose a threat to
human health and the environment. RECAP values are not available for every compound we
have detected, but values are available for some pollutants and will be discussed in the following
section.
Dieldrin is an industrial, agricultural and residential pesticide commonly used for termite
and insect control. Chlordane is another commonly used agricultural pesticide. Their LDEQ
RECAP values are 0.03 mg kg-1 and 1.6 mg kg-1, respectively. The concentrations of both
dieldrin and chlordane measured in the sediment samples exceed their corresponding RECAP
value by two orders of magnitude. Dieldrin is a known neurotoxin, and is more toxic than DDT
(McFall et al. 1985b).
Fluoranthene is a four-ring PAH and a known carcinogen, with an LDEQ RECAP value
of 220 mg kg-1. The concentrations of fluoranthene measured in these sediment samples do not
exceed the RECAP value. However, comparison of the indoor and outdoor (U.S. EPA) sediment
samples reveal that the indoor concentrations are nearly twenty times greater than the exterior
sediment sample previously referred to in Table 2.3. In that sample, the concentration of
fluoranthene was reported to be 2.15 mg kg-1 (EPA 2005).
In the same exterior sample, the U.S. EPA reports the concentration of 1,2,4-trimethyl
benzene at 0.0179 mg kg-1. In the in-home sediments, we have quantified total trimethyl
benzenes (sum of the 1,2,3, 1,2,4, and 1,3,5 isomers) at 3.8 mg kg-1. The large increase in
concentration of the volatile trimethyl benzenes (nearly 200 times greater inside than outside) is
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likely due to the fact that the home remained almost completely sealed following the flooding
until the time of the sampling. The trimethyl benzenes inside the home can equilibrate with the
air inside the home, reducing their volatilization, whereas the trimethyl benzenes in the outdoor
sample can volatilize to the air much more rapidly and be transported away by wind currents and
changing atmospheric conditions.
Many of the semi-volatile organic compounds reported here have been previously found
in the water column and sediments of Lake Pontchartrain. McFall et al. have detected nonanoic
acid, phthalates, alkanes, and dieldrin in water samples taken from the Inner Harbor Navigation
Canal, a canal which connects Lake Pontchartrain with the Gulf of Mexico (McFall et al. 1985b).
In a related study, McFall and coworkers reported concentrations of diethyl phthalate of 2.5 – 6.5
× 10-2 mg kg-1 dry sediment, and concentrations of a C29 alkane (presumably nonacosane) of 2 ×
10-3 mg kg-1 dry sediment, which are three and five orders of magnitude, respectively, lower than
the concentrations seen in our study (McFall et al. 1985a).
Phthalates are plasticizers, and the large difference in phthalate concentrations indoors
versus outdoors is likely due to the large number of plastic artifacts inside a typical home which,
when submerged for nearly two weeks, can leak the plasticizer. Chlordane was detected by
McFall et al. in a water sample from Lake Pontchartrain, and by Overton et al. in a sediment
sample (McFall et al. 1979; Overton et al. 1986) but was not quantified in either case.
Background concentrations of fluoranthene in New Orleans residential soils have been
reported by Mielke and co-workers in the range of 0.054 – 4.558 mg kg-1 dry sediment (Mielke
et al. 2001; Mielke et al. 2004; Wang et al. 2004). Fluoranthene values are also given for a Lake
Pontchartrain sediment sample by Overton et al., of 7 – 90 × 10-3 mg kg-1 (Overton et al. 1986).
In either case, background values of fluoranthene are far below the average concentration
measured in this study of 43.2 mg kg-1.
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Table 2.4 Sediment organics from two homes in New Orleans, Louisiana
(mg kg-1 dry sediment)
Home 2

Home 1
Compound
Alkanes
Docosane
Eicosane
Heptadecane
Hexacosane
Nonacosane
Octacosane
Pentacosane
Tetracosane
Triacontane
Tricosane
Alkenes
17-pentatriacontene
Aldehydes
Nonanal
Biologicals
Cholest-4-en-3-one
Cholestan-3-ol
Cholestan-3-one

CAS
#

A

B

C

2-1

2-2

62997-0
11295-8
62978-7
63001-3
63003-5
63002-4
62999-2
64631-1
63868-6
63867-5

BDL

6.0 ± 0.4

BDL

BDL

BDL

BDL

11.5 ± 0.8

BDL

7.6 ± 0.5

4.5 ± 0.3

3.6 ± 0.3

BDL

BDL

3.2 ± 0.2

1.9 ± 0.1

67.2 ± 4.7

63.2 ± 4.4

30.7 ± 2.1

45.5 ± 3.2

BDL

573 ± 40.1

279 ± 19.6

275 ± 19.3

BDL

446 ± 31.2

163 ± 11.4

234 ± 16.3

145 ± 10.2

107 ± 7.5

BDL

12.1 ± 0.9

0.9 ± 0.1

BDL

BDL

BDL

129 ± 9.0

144 ± 10.1

70.0 ± 4.9

40.6 ± 2.8

BDL

1810 ±
127
13.0 ± 0.9

1770 ±
124
BDL

BDL

1680 ± 117

BDL

BDL

BDL

BDL

6971
-40-0

2710 ±
190

2640 ±
185

BDL

BDL

4200 ± 294

12419-6

BDL

BDL

BDL

BDL

8.4 ± 0.6

60157-0
8097-7
56688-1

BDL

BDL

BDL

2290 ± 184

676 ± 54.1

883 ± 70.6

3450 ± 276

1380 ± 110

BDL

958 ± 76.6

1500 ±
120
9800 ±
784
2090 ±
167

692 ± 55.4

404 ± 32.3
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Table 2.4 (continued)

Compound
Esters
Bis(2-ethylhexyl)
phthalate
Diethyl phthalate
Phthalic anhydride
Organic Acids
Nonanoic acid
Oleic acid
Pesticides
Chlordane

Home 2

CAS
#

A

Home 1
B

11781-7
8466-2
8544-9

BDL

BDL

173 ± 5.2

BDL

BDL

BDL

BDL

14.5 ± 0.4

BDL

BDL

BDL

BDL

BDL

319 ± 9.6

BDL

11205-0
11280-1

BDL

BDL

BDL

305 ± 9.1

BDL

425 ± 12.8

2280 ±
68.5
282 ± 8.5

3780 ±
113.5
1220 ±
36.7

306 ± 3.1

BDL

BDL

BDL

BDL

BDL

BDL

BDL

20.6 ± 0.2

20.2 ± 0.2

4.3 ± 0.1

20.4 ± 0.2

37.1 ± 1.1

40.1 ± 1.2

42.0 ± 1.3

58.5 ± 1.8

BDL

3.8 ± 0.3

BDL

BDL

BDL

10.9 ± 0.8

BDL

BDL

57BDL
74-9
Dieldrin
603.2 ± 0.1
57-1
Diethyltoluamide
13431.8 ± 0.3
(DEET)
62-3
Polycyclic Aromatic Hydrocarbons
Fluoranthene
20638.5 ± 1.2
44-0
Volatiles
Total trimethyl
BDL
benzenes
Benzene, 1-ethyl-2- 611BDL
methyl
14-3

C

2-1

2-2

Note: A, B, C are composites of samples from home # 1 due to limited material.
Combinations are as follows: A = 1,3,5; B = 2; C = 4
BDL = Below detection limit in sediments
Total trimethyl benzenes includes sum of the 1,2,3, 1,2,4, and 1,3,5 isomers
Detection limit of EPA Method 8270C is 0.6 mg kg-1 dry sediment.

44

2.4 Discussion
Figure 2.5 shows a set of bar graphs which compare indoor and outdoor sediment
concentration measurements, U.S. EPA sediment screening standards, and Louisiana Department
of Environmental Quality RECAP standards for four metal and three organic pollutants (Ashley
et al. 2008). Outdoor sediment concentrations are taken from the EPA sample previously
described, which is in between the two homes sampled in this study (EPA 2005). All indoor
measurements exceed the outdoor measured concentrations. This concentration difference is
often substantial, as exhibited by lead, fluoranthene, and cadmium concentrations, which are
nearly 4, 20, and 100 times greater indoors than outdoors. In addition, measured indoor
sediment concentrations often exceed the EPA and/or Louisiana DEQ screening standards. This
is an important result, because it stresses the significance of making re-entry advisories based on
measurements of the material most likely to act as a direct exposure source to returning residents
immediately after the storm. As residents return and begin to clean-up their flood-destroyed
homes, a greater amount of time is spent indoors rather than outdoors, and in-home sediment
pollutants are much more likely to pose a direct threat to returning residents and first responders
than outdoor deposited material.
Examination of Figure 2.5 reveals that often outdoor pollutant concentrations were
present at levels far below the EPA and Louisiana DEQ screening standards. The assessment of
the overall environmental picture begins to change, however, when indoor measurements are
compared with regulatory standards, because indoor values shown in Figure 2.5 often exceed
regulatory benchmarks by a wide margin.
A key implication of this study also involves the longer term destruction and disposal of
contaminated household debris. Contaminated sediments deposited inside the home will be
removed with the rest of the debris following demolition of the structure. Some of the sediment
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(b)

(a)

(c)

(d)

(e)

(f)

(g)

Figure 2.5 Selected metal and organic contaminants found inside homes sampled in
New Orleans, LA post-Katrina for (a) arsenic, (b) cadmium, (c) lead, (d) vanadium,
(e) chlordane, (f) dieldrin, and (g) fluoranthene (Ashley et al. 2008). Bars shown are for
measured indoor concentrations (tan), measured outdoor concentrations (green), EPA screening
standard (red), and Louisiana Department of Environmental Quality screening standard (yellow).
Reprinted by permission of the American Society of Civil Engineers, copyright 2008 ASCE.

46

will also be resuspended in the air during the demolition process, settling out back on the debris
pile as well as in the adjacent grass, landscape, and other structures. It is difficult at this time to
quantify the amount of sediment that will be lost to the air during the demolition process.
However, the concern for the material remaining with the debris pile upon removal remains
clear—the contaminated sediments deposited inside the home during the flood will now be
disposed of in a landfill with the remainder of the debris from the destroyed homes.
In the absence of specific information on the speciation of arsenic, the ratio of total iron
to total sulfur in the sediment can be used to gauge the relative amount of arsenic present in the
mineral and organic fractions (Keimowitz 2005). Redox conditions and pH play a key role in
determining arsenic speciation and availability. In sulfur-controlled sediments, the arsenic can
be released by oxidizing conditions, whereas in iron-controlled sediments, arsenic is released by
reducing conditions (Keimowitz 2005). Calculation of the Fe/S ratio (see Table 2.5) for the
sediments in this study shows that the arsenic is overwhelmingly iron-controlled, and thus
reducing conditions have the potential to mobilize the sediment-bound arsenic.
Because conditions in much of the landfill will become reducing (evidenced by the fact
that most landfills produce methane gas), the arsenic has the potential to become mobilized from
the sediment minerals and may leach into the soil porewater or groundwater. Therefore, the high
concentrations found in this study have the potential to be problematic for the disposal of
contaminated debris. In previous studies of the Lake Pontchartrain sediments, vanadium has also
been shown to be overwhelmingly bound to adsorption sites on the clay minerals, and thus it too
may become chemically “available.” (Flowers and Isphording 1990) Data from the study by the
U.S. Geological Survey appears to confirm the strong potential bioavailability of arsenic,
cadmium, and lead from Katrina-deposited sediment; concentrations of these species should be
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monitored at locations both in and near the landfills, in an attempt to detect potential problems
before they become hazardous (Plumlee et al. 2006).

Table 2.5 Ratio of total iron to total sulfur for each sediment sample
Sample #
1
2
3
4
5
2-1
2-2

Fe/S Ratio
9.5 × 105
1.8 × 106
2.8 × 106
1.2 × 106
1.1 × 106
1.0 × 106
1.8 × 106

Excessive concentrations of dieldrin, fluoranthene, chlordane, and trimethyl benzenes
also present consequences for disposal of contaminated debris, in addition to health concerns for
residents returning to contaminated homes. Chlordane’s appreciable water solubility, along with
the high vapor pressure of the trimethylbenzenes and nonanal greatly increases the propensity for
transport mechanisms to mobilize these chemicals away from their intended disposal sites.
Further dispersion of these contaminants can be minimized by regularly monitoring
concentrations of these compounds in the air, soil and water, and by determining proper disposal
methods for debris believed to be contaminated with these materials.
2.5 Conclusions
The data reported appear to be consistent with the premise that the smallest sediment
particles contain the highest concentrations of pollutants. As a result, it is not surprising that
concentrations of sediment contaminants from sediment collected inside the home exceed those
sampled from outdoor locations. The particle settling/winnowing process that concentrates fine
particles inside the homes is the contributing factor in the large concentration difference between
indoor and outdoor sediments reported here. Future situations involving flooding of residential
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areas with contaminated sediment should also take these observations into account when
monitoring areas to determine health and environmental quality after the flooding event.
Residents, first responders, and others who may be in direct contact with contaminated sediments
should be advised of adequate protective equipment and precautions to take in order to minimize
exposure.
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CHAPTER 3
MULTI-PHASE PARTITIONING AND THERMODYNAMIC
EQUILIBRIUM MODEL FOR SEDIMENT POLLUTANTS
INSIDE HURRICANE KATRINA-FLOODED HOMES*
3.1 Introduction
When Hurricane Katrina made landfall on the Louisiana and Mississippi Gulf coasts on
August 29, 2005, failure of protective levees around the city of New Orleans resulted in
floodwaters inundating numerous residential areas to a depth of 2-3 meters or more for nearly
two weeks. The floodwaters carried with them suspended sediments from Lake Pontchartrain,
along with other contaminants accumulated during their residence in the submerged
neighborhoods. When floodwaters were subsequently pumped from residential areas back into
Lake Pontchartrain, sediment that had settled out of the water column remained behind. Of
particular interest is the sediment deposited inside previously flooded homes, because this
material represents a direct exposure source to returning residents and first responders. Sediment
contaminants inside homes have been characterized experimentally in a prior study (Ashley et al.
2008a).
As the houses sit unoccupied for weeks and months after the storm, volatile and semivolatile sediment pollutants can partition into the vapor-space inside the home, where they
present a gas-phase exposure to persons entering the home. Furthermore, the warm, damp
conditions that existed inside the flooded homes led to the growth of mold on walls, furniture,
and many other interior surfaces, which may serve as a sink for gas-phase contaminants (Schwab
et al. 2007). These mold films in turn emit contaminated spores into the vapor-space inside the
Reproduced with permission from Mary Ann Liebert Publishers, Inc. Environmental
Engineering Science 26(3): 609 – 619. N.A. Ashley, K.T. Valsaraj, and L.J. Thibodeaux,
“Multi-phase contaminant distributions inside flooded homes in New Orleans, LA, following
Hurricane Katrina: A modeling study.” Copyright 2009, Mary Ann Liebert, Inc.
*
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home. Measurements of indoor mold spore concentrations post-Katrina range from 11,000 –
645,000 spores m-3 in one study (Solomon et al. 2006), and from 6,142 to 735,123 spores m-3 in
another (Schwab et al. 2007). The spores are reported to range in size from 0.8 to 20 µm in
diameter (Chew et al. 2006). Because the aerosolized spores remain suspended inside the home,
vapor phase exposure of returning residents to organic contaminants is compounded by the fact
that these pollutants may be found both in the gas-phase as well as on the aerosolized spores,
which can also be inhaled. Figure 3.1 illustrates the four phases inside the home (sediment, gasphase, mold films, aerosolized mold spores) which contain volatile and semi-volatile organic
contaminants.
One of the key focus areas of this study is the identification of mold spores as a
partitioning and transport medium for anthropogenic toxins, in contrast to simply considering the
mold to be a toxin in and of itself. In cases of very high spore concentrations, such as those
observed in flooded homes, the amount of aerosolized mold present creates an aerosol phase,
similar to naturally occurring aerosols and particles in the lower atmosphere. Just like common
organic aerosols, mold spores can act as a sink for gaseous pollutants through condensation, gasto-particle partitioning, and particle nucleation and agglomeration. Because the case considered
here occurs in a small, mostly enclosed environment, respiration of these organic mold particles
becomes a primary consideration relative to their ambient counterparts. In fact, one study has
already presented evidence that N-95 respirators commonly recommended for use in flooded
homes after Hurricane Katrina may not be effective against aerosolized mold spores (Chew et al.
2006). For the aforementioned reasons, a complete analysis of indoor contaminants in
previously flooded homes must not exclude the organic-rich aerosol phase, where mold spores
may serve as a partitioning medium for volatile and semi-volatile compounds.
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Figure 3.1 Phase distribution of contaminants inside flooded homes
Phases are: (1) sediment, (2) vapor-phase, (3) mold film, (4) aerosolized mold spores

Due to temporal, legal, and other limitations, precise measurements of contaminant
concentrations inside the vapor-space and on mold films and spores inside the home could not be
obtained. Therefore, a theoretical equilibrium model using the Lavoisier species mass balance
approach was developed in order to estimate the pollutant concentrations in these phases. The
objective of this research was to provide a worst-case analysis of pollutant loadings in the
multiple indoor phases (MIPs), to determine if these represent a significant exposure pathway.
The equilibrium model provides a means of quantifying the mass distribution fractions of each
contaminant class present in the four primary phases (sediment, air, mold spores, mold film).
The results of this study can provide key information to emergency management personnel and
environmental scientists when encountering similar urban flood situations in the future. In
addition, the projected concentration levels need to be verified by field measurements and/or
laboratory simulations using flooded home microcosms, in particular to verify the mold uptake.
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3.2 Model Development
All pollutants found inside flooded homes are assumed to have entered with floodwater
suspended sediment. Measured sediment contaminant loadings were used as the basis for the
projected mass concentration distributions in the other phases. Complete details of the sediment
experimental analysis and results are provided in our previous study (Ashley et al. 2008a) and
will not be repeated here.
3.2.1 Sediment Pollutant Chemodynamics
Sediment pollutant chemodynamics are strongly affected by physicochemical properties
such as sediment geochemistry and moisture content, as well as chemical saturated (subcooled
liquid) vapor pressure, water solubility, Henry’s law constant, and molecular weight. Sediments
with high silt and clay contents have significant numbers of adsorption sites on the particle
surface, and can sequester large quantities of chemical contaminants (Kleineidam et al. 1999;
Talley et al. 2002; Shor et al. 2003). Sediment moisture content can be a strong driving force in
retaining or mobilizing pollutants in a contaminated sediment. Because water competes with
organic species for active sites on silt and clay particle surfaces, a high sediment moisture
content can drive pollutants from the sediment into the gas-phase, whereas a nearly bone-dry
sediment will retain high loadings of organic species (Valsaraj and Thibodeaux 1988;
Ravikrishna et al. 1998). Therefore, a worst-case scenario model for organic pollutants inside
Katrina-flooded homes should consider a saturated sediment phase from which chemicals can be
driven into the vapor space inside the home, where they can also partition among mold films and
aerosolized mold spores. It should be noted that this worst-case scenario model is not a purely
theoretical concept—immediately after floodwaters have been pumped out of the city, sediment
deposits left behind inside homes will remain wet before slowly beginning to dry out.
Additionally, during clean-up/restoration of many of the destroyed homes, homeowners and
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recovery workers remove the sediment from the floors of the structure by wetting the floors and
mopping up the sediment or “sweeping” the material out with a garden hose. Either activity rewets a previously dried sediment, and may release volatile and semi-volatile sediment pollutants
to the vapor phase.
3.2.2 Phase Equilibrium Considerations
A gas – sediment partition coefficient can be used to describe the relative distribution of a
pollutant between the wet sediment and adjoining vapor phases. For a wet sediment, the
partitioning can be imagined to occur in a two-stage process: dissolution of the pollutant from
the sediment particle into the surrounding aqueous phase, followed by diffusion/evaporation of
the component from the water phase to the gas phase. The former process is described by the
sediment-water partition coefficient (Ksw), and the latter by the Henry’s law constant (H). The
gas – sediment partition coefficient, KGS (atm g/µg), is then a direct result of the local threephase equilibrium principle, which yields equation (3-1). Table 3.1 lists KGS values for each
chemical inside both homes. KGS values in alternate units are given in Appendix C.

K GS =

H
K SW

(3-1)

The sediment-water partition coefficient in equation (3-1), KSW (L/kg) is computed from the
sediment’s fraction organic carbon, fOC, and the pollutant’s organic carbon partition coefficient,
KOC (L/kg), as given by equation (3-2). Appendix C lists values of H and KOC for each chemical.

K SW = f oc K oc

(3-2)

Because the vapor, mold spore, and mold film concentrations are all based on the
sediment mass loading, two equilibrium models are possible, depending on whether the
measured value of sediment loading for each pollutant exceeds a certain critical value. The
critical sediment loading is the sediment pollutant concentration that would be in equilibrium
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with the maximum partial pressure of a pollutant in the air, given by its saturated (subcooled
liquid) vapor pressure. The maximum possible vapor-phase concentration, CG* (µg/m3), is given
by:

CG* =

MWA PAsat
RT

(3-3)

where MWA is the pollutant molecular weight, PAsat its saturated (subcooled liquid) vapor
pressure, R the universal gas constant, and T the system temperature. Once CG* has been
computed, the critical sediment loading, wAc (µg/g) can be found by equation (3-4):

w Ac =

CG*
K GS

(3-4)

Comparison of the measured sediment loading (wAS) and the critical sediment loading
(wAc) determine the choice of model to be used. If wAS < wAc, then a model based on KGS as
defined by equation (3-1) is used to predict the vapor-phase concentration and subsequent mold
phase concentrations. If wAS > wAc, vapor-phase and mold phase concentrations must be
predicted based on the saturated vapor pressure, as given by equation (3-3). The logic behind the
critical sediment loading is also physically realizable. If a particular pollutant is present in high
enough concentration in the sediment, it is as if the pure chemical itself is exposed to the vapor
surrounding the sediment, and the contaminant exerts its full vapor pressure on the surrounding
air. Such conditions are known to exist when pesticide formulations are applied to agricultural
soils. As sediment pollutant loadings decrease below the critical value, the effect of sediment
geochemistry becomes more pronounced, and adsorbate-adsorbent interactions with the active
sites on clay mineral surfaces reduce the partial pressure of the pollutant over the sediment below
its pure-component vapor pressure. A more thorough discussion of in-home sediment pollutant
chemodynamics is beyond the scope of this chapter, but is available elsewhere (Ashley et al.
2008b).
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Table 3.1 Gas – sediment partition coefficients KGS
at 291.3 K (Home 1) and 298 K (Home 2)
Chemical

KGS
Home 1
(atm g µg-1)

KGS
Home 2
(atm g µg-1)

Alkanes
Docosane

2.23 × 10-6

2.78 × 10-6

Eicosane

4.73 × 10-6

5.89 × 10-6

Heptadecane

1.49 × 10-5

1.86 × 10-5

Hexacosane

5.07 × 10-7

6.32 × 10-7

Nonacosane

1.69 × 10-7

2.10 × 10-7

Octacosane

2.44 × 10-7

3.04 × 10-7

Pentacosane

7.32 × 10-7

9.13 × 10-7

Tetracosane

1.06 × 10-6

1.32 × 10-6

Triacontane

1.18 × 10-7

1.47 × 10-7

Tricosane

1.53 × 10-6

1.91 × 10-6

Aldehydes
Nonanal

5.52 × 10-7

6.88 × 10-7

Esters
Bis (2-ethylhexyl) phthalate

4.85 × 10-14

6.05 × 10-14

Diethyl phthalate

2.53 × 10-10

3.15 × 10-10

Phthalic anhydride

1.18 × 10-10

1.47 × 10-10

Organic Acids
Nonanoic Acid

1.79 × 10-9

2.23 × 10-9

Oleic Acid

6.84 × 10-11

8.53 × 10-11

Pesticides
Chlordane

1.59 × 10-11

1.98 × 10-11

Dieldrin

2.88 × 10-11

3.59 × 10-11

Diethyltoluamide (DEET)

2.35 × 10-12

2.93 × 10-12

PAH
Fluoranthene

7.20 × 10-12

8.97 × 10-12

Volatiles
Trimethyl benzenes

8.71 × 10-7

1.09 × 10-6

1-ethyl-2-methyl benzene

6.24 × 10-7

7.78 × 10-7
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3.2.3 Mass Distribution Model
A Lavoisier species mass balance is constructed by assuming all pollutants entered
initially with the sediment, then after settling and sitting undisturbed in the home for months
after the storm, distributed themselves in an equilibrium fashion between four phases: sediment,
vapor, mold spore aerosol, and mold surface films. Thus, at any time, the mass of any chemical
A (mA0) in the flooded home shown in Figure 3.1 is the sum of the chemical’s mass in each of
the four phases:
m0A = mAsed + mAvap + mAspore + mAfilm

(3-5)

The four terms on the right-hand side of equation (3-5) represent the species mass in sediment,
vapor, mold spores, and mold film, respectively. The assumption inherent to the model is that
the concentrations of species A in all four phases are in thermodynamic equilibrium.
As previously noted, two equilibrium mass balances are possible depending on the
comparison between measured sediment loading and critical sediment loading values.
For wAS < wAc
m A0 = wAS msed +

K C V
⎞
wAS K GS MW A ⎛
⎜⎜Vvap + MG Mvap vap + K MGV film ⎟⎟
ρ mold
RT
⎝
⎠

(3-6)

K C V
m K ⎞
PAsat MWA ⎛
⎜⎜VVap + MG Mvap vap + film MG ⎟⎟
RT ⎝
ρ mold
ρ mold ⎠

(3-7)

For wAS > wAc
mA0 = wAS msed +

mA0 (g) is the total mass of pollutant A in the flooded home, wAS (g/gsed) is the measured
pollutant sediment loading at the time of sampling, msed (g) is the total sediment mass inside each
home, Vvap (m3) is the volume of air inside each home, CMvap (gmold/m3air) is the concentration of
spores in the air inside each home, KMG (m3air/m3mold) is the mold – gas partition coefficient, ρmold
(gmold/m3mold) is the (corrected) wet density of the mold, mfilm (g) is the mass of the mold film,
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and Vfilm (m3) is the volume of the mold film. All other parameters are as previously defined.
The terms on the right-hand side of both equations represent mass contributions from sediment,
vapor-phase, mold spore aerosol, and mold surface film, respectively. Predicted contaminant
concentrations (mass per volume) or loadings (mass per mass) for each component in each phase
can be obtained by dividing the mass of the pollutant in each phase by the appropriate phase
volume or mass. The calculation of the mold – gas partition coefficient KMG is described in a
later section; values for all compounds are provided in Table 3.2. Phase volumes, surface areas,
and other key inputs for the distribution model are provided in Table 3.3.
3.3 Model Limitations
Before examining the results of the thermodynamic equilibrium model, it is useful to first
consider the limitations of the modeling approach so that results may be considered within their
proper context. The primary assumption in developing the model is that all four phases
(sediment, vapor, mold film, and mold spores) are in thermodynamic equilibrium. While useful
to obtain a first-order estimate of the relative mass distributions of VOCs and SVOCs among the
multiple indoor phases, clearly there are conditions present inside the home which will prevent
the system from ever reaching true thermodynamic equilibrium. One such process is the
continuous emission of spores from the mold film growing on the walls. Clearly this is not an
equilibrium process, yet a constant number of spores and constant film dimensions must be
assumed in order to evaluate contaminant partitioning into the mold from a static point of view.
Another process not accounted for by the equilibrium approach is air exchange between
indoor and outdoor air. Even in the absence of air conditioning (because of the lack of electrical
power), and with all doors and windows closed, a slow leakage of air is expected to occur due to
small openings around doors and windows as well as through the attic. Air exchange will carry
polluted indoor air outside, replacing it with (relatively) clean outdoor air, as well as bringing in
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fresh hydroxyl radicals, NOx, and ozone which can degrade VOCs and SVOCs in the vapor
phase. Both air exchange and reactive degradation are important processes which are not
considered in the equilibrium modeling approach. They can, however, be accounted for by
application of an unsteady-state model, which should be employed as a second-generation model
to complement and extend the results presented herein. Finally, mass transfer limitations, in the
form of sediment-side, air-side, and mold-side boundary layers can present significant
restrictions to contaminant mobility inside Katrina-flooded homes which cannot be accounted for
by the equilibrium approach. In light of the dynamic processes not considered as part of the
equilibrium model, it is understood that individual, predicted vapor-phase concentrations may be
in error by up to 50%.
Even in light of the limitations discussed previously, the equilibrium model employed
here remains a useful first approximation for several reasons. First, the major significance of the
equilibrium model is that it sets an upper bound on the pollutant concentrations in each phase.
Therefore, contaminants with very low equilibrium concentrations in a particular phase can be
excluded from future analysis because their actual concentrations would only be further
decreased by the unsteady-state effects of air exchange and reactive degradation, whereas
pollutants with large predicted equilibrium concentrations can be identified as being important
for further analysis by the transient model. Second, the equilibrium analysis and corresponding
mass balance model are useful for enumerating compound classes which have particularly strong
affinities for each of the four indoor phases. For example, it is useful to know in which phase the
majority of alkanes, aldehydes, esters, organic acids, PAHs, pesticides, and volatiles reside,
because the method and quantity of exposure of these materials to returning residents and
recovery workers is dependent on which phase the materials are sequestered in. The equilibrium
model can be an important first step for evaluating phases/materials about which little is known,
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Table 3.2 Mold – gas partition coefficients KMG at 298 K
Chemical

KMG
(m3 air m-3 mold)

Alkanes
Docosane

8.50 × 106

Eicosane

1.53 × 106

Heptadecane

1.22 × 105

Hexacosane

2.50 × 108

Nonacosane

3.17 × 109

Octacosane

1.35 × 109

Pentacosane

1.07 × 108

Tetracosane

4.61 × 107

Triacontane

7.36 × 109

Tricosane

1.98 × 107

Aldehydes
Nonanal

2.43 × 104

Esters
Bis (2-ethylhexyl) phthalate

1.41 × 1012

Diethyl phthalate

4.13 × 106

Phthalic anhydride

2.34 × 107

Organic Acids
Nonanoic Acid

2.19 × 107

Oleic Acid

9.32 × 109

Pesticides
Chlordane

3.26 × 108

Dieldrin

5.28 × 107

Diethyltoluamide (DEET)

6.96 × 107

PAH
Fluoranthene

2.97 × 108

Volatiles
Trimethyl benzenes

6.51 × 103

1-ethyl-2-methyl benzene

5.87 × 103
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Table 3.3 Model input data
Parameter

Value

Interior Area – Home 1

165 m2

Interior Area – Home 2

127 m2

Approximate Sediment Thickness

2 mm

Approximate Mold Film
Thicknessa

70 nm

Approximate Mold Surface
Coverageb

10 m2

In-Home Mean Spore
Concentrationc

320,000 spores m-3

Total Air Volume
(m3)

Total Sediment
Volume (m3)

Spore Mass –
wet (g)

Mold Film
Volume (m3)

Home 1

401.6

0.33

3.30 × 10-3

7.00 × 10-8

Home 2

310.1

0.25

2.60 × 10-3

7.00 × 10-8

a = (Diamond et al. 2001); b = Estimated from photographs (Polidori 2006);
c = (Solomon et al. 2006)

such as the mold films and mold spores considered in this work. In cases such as this, where no
experimental or priormodeling information is available on the mold film and spore phases,
equilibrium models can provide excellent starting points for evaluation of properties and
partitioning behavior associated with these materials. The information gained from the
equilibrium model can then be used to design quality experiments and refine models which can
provide some of the missing data. Finally, the equilibrium model is a long-term model, and is
useful in determining where specific pollutants or compound classes may reside over longer
periods of time. Because many flood-damaged homes in New Orleans sat undisturbed for
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months to years after Katrina’s landfall, the long-term utility of the thermodynamic equilibrium
approach can provide useful insights into the behavior of pollutants across multiple indoor
phases over long periods of time.
3.4 Results and Discussion
Before a specific discussion of results ensues, it is important to remind the reader that all
modeling results discussed herein are predicted quantities. Thus, reported concentrations
presented in subsequent tables and discussions should be viewed in terms of relative magnitudes
across varied phases and chemical classifications, rather than as absolute concentrations of a
particular species in a specific phase.
3.4.1 Sediment-Vapor Partitioning
Average sediment concentrations for each home, adjusted for wet sediment conditions,
are provided in Tables 3.4 and 3.5 for completeness. Full details of the sediment experimental
results, including information on analytical and quality control procedures, as well as discussion
of potential sources of the compounds, are available in Chapter 2 (Ashley et al. 2008a). Results
of the sediment-vapor partition model are shown in Tables 3.4 and 3.5, for homes 1 and 2,
respectively. Chemical classes showing the highest predicted vapor-phase concentrations
include the aldehydes, esters, organic acids, pesticides, and volatiles. Given the molecular size
and high vapor pressures of these compounds, the model results appear to be in-line with
expectations. For both alkanes and organic acids, the measured sediment concentrations
exceeded the critical sediment loading, and so the saturated vapor pressure-based model was
used. This may lead to some of the higher predicted concentrations associated with these
compound classes. Values of the saturated (subcooled liquid) vapor pressure were obtained from
standard references and are reported in Appendix C. Sensitivity analysis of the model
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Table 3.4 Multi-phase contaminant concentrations in Home # 1
Sedimenta
(mg/kg wet sediment)

Mold Film
(mg/kg film)

Vapor
(µg/m3 air)

Mold Spores
(ng/m3 air)

Docosane / 629-97-0

5.5

139

12.7

1.2

Eicosane / 112-95-8

5.3

272

137

2.3

Heptadecane / 629-78-7

3.3

207

1320

1.7

Hexacosane / 630-01-3

49.5

77.5

0.2

0.6

Chemical/CAS number
Alkanes

Nonacosane / 630-03-5

347

17.6

< 0.1

0.1

Octacosane / 630-02-4

166

17.3

< 0.1

0.1

Pentacosane / 629-99-2

6.0

78.6

0.6

0.7

Tetracosane / 646-31-1

105

93.9

1.6

0.8

Triacontane / 638-68-6

1650

3.8

< 0.1

< 0.1

Tricosane / 638-67-5

12.0

2780

108

23.0

160

231000

0.1

1920

13.4

168

31.5

1.4

338

--

69.5

--

Chlordane / 57-74-9

280

32200

76.4

267

Dieldrin / 60-57-1

3.0

93.0

1.4

0.8

Diethyltoluamide (DEET) /

22.3

114

1.3

0.9

35.6

2494

6.5

20.7

Total trimethyl benzenes

3.5

129

15400

1.1

1-ethyl-2-methyl benzene /

10.1

240

21600

2.0

Esters
Bis (2-ethylhexyl)
phthalate / 117-81-7
Diethyl phthalate / 84-66-2
Organic Acids
Oleic Acid / 112-80-1
Pesticides

134-62-3

PAH
Fluoranthene / 206-44-0
Volatiles

611-14-3

a = Average of samples from Home 1, adjusted for sediment moisture fraction.
Data from (Ashley et al. 2008a)
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Table 3.5 Multi-phase contaminant concentrations in Home # 2
Sedimenta
(mg/kg wet sediment)

Mold Film
(mg/kg film)

Vapor
(µg/m3 air)

Mold Spores
(ng/m3 air)

Eicosane / 112-95-8

5.6

684

134

5.7

Heptadecane / 629-78-7

2.3

452

1290

3.7

Hexacosane / 630-01-3

41.6

240

0.2

2.0

Nonacosane / 630-03-5

416

61.0

< 0.1

0.5

Octacosane / 630-02-4

97.9

58.4

< 0.1

0.5

Tetracosane / 646-31-1

37.1

269

1.5

2.2

Triacontane / 638-68-6

1540

13.8

< 0.1

0.1

7.8

985

31300

8.2

292

7860

260

65.1

Nonanoic Acid / 112-05-0

2800

--

7120

--

Oleic Acid / 112-80-1

697

--

67.9

--

Diethyltoluamide (DEET)
/ 134-62-3
PAH

11.5

47.4

0.5

0.4

Fluoranthene / 206-44-0

46.5

2650

6.9

21.9

Chemical/CAS number
Alkanes

Aldehydes
Nonanal / 124-19-6
Esters
Phthalic Anhydride /
85-44-9

Organic Acids

Pesticides

a = Average of samples from Home 2, adjusted for sediment moisture fraction.
Data from (Ashley et al. 2008a)
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parameters reveals that the gas – sediment partition coefficient and component saturated vapor
pressure exert the most influence over predicted vapor-phase concentrations.
3.4.2 Vapor-Aerosol Partitioning
Predictions from the sediment-vapor partitioning model are used as a starting point for
the vapor-aerosol model. Because the Aspergillus class of molds was found to be the
predominant mold in post-Katrina New Orleans homes, physicochemical properties of

Aspergillus obtained from literature sources were used as modeling inputs (Solomon et al. 2006;
Schwab et al. 2007). Because mold is a complex mixture of organic and biological species,
water, and a small number of inorganics, a simple approach is to assume octanol as a
representative surrogate of the organic/biological fraction of the mold spore (Porges 1932). This
approach has already been employed to provide conservative estimates of contaminant
concentrations in other systems, such as those involving atmospheric PAH as well as urban
organic films (Harner and Bidleman 1998; Diamond et al. 2001). The octanol-air partition
coefficient can then be used to represent the mold-air partitioning, adjusted for the organic
fraction of the mold, as in equation (3-8):

K MG = f oc K OA

(3-8)

KOA values were obtained from the EPA database, EPI Suite® (EPA 2007). EPI Suite®
is commonly used to provide physicochemical data and property estimates when experimental
values may be unavailable. When obtainable, experimental values of KOA were used, otherwise
theoretical values predicted by the software were used. All log KOA’s for compounds of interest
in this work are given in Appendix C. The fraction organic carbon (foc) for the mold spores was
estimated from the data of Porges (1932) to be 0.4. KMG, defined as the ratio of the
concentration in the mold (µg m-3 mold) to the concentration in the air (µg m-3 air), can then be
used to compute the particle concentration and subsequently the particle loading (µg g-1 particle)
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once the mold spore density is known. The dry density of a spore of Aspergillus niger is
reported to be 0.42 g cm-3 (Panaccione and Coyle 2005). For a conservative estimate, we assume
that the fraction not comprised of organic carbon in the spore is equal to the void volume, and
that all of the void space is filled with water. Accounting for the density of water in the void
space we obtain an adjusted, wet density of the spores to be approximately 0.77 g cm-3. This is
the spore density used in the final calculation to determine the contaminant loading on
aerosolized mold spores, the details of which are provided in Appendix D. It should also be
noted that the corrected spore density is about 6 % lower than the density of octanol (0.82 g
cm-3) which again ensures that we provide a conservative estimate of pollutant loadings.
Results of the vapor-aerosolized mold spore partitioning were also shown in Tables 3.4
and 3.5. Here, results indicate that potentially high loadings of pesticides, PAH, and some of the
alkanes are possible. The results for the alkanes are especially interesting, given their relatively
low vapor-phase concentrations. The log KOA’s for many of the alkanes fall into the same range
as that for the pesticides and PAHs. Thus even though they may not be a significant pollutant in
terms of vapor-phase concentration, alkanes clearly show a preference for the organic-rich
aerosol phase and may contribute a significant loading to the mold spores. These are results
which may have previously been overlooked by not considering the mold spores as a sink for
organic contaminants.
In addition to the alkanes, several pesticides and the PAH fluoranthene show the potential
to be present in very high loadings on aerosolized mold spores. Recall from the previous section
that the pesticides were also a prevalent vapor-phase contaminant, which means that their total
respirable mass is comprised of a significant contribution from both the pure gas-phase
compound as well as pesticide incorporated into the airborne mold spores. Total exposure to
pesticides then may be under-predicted by considering only sediment-vapor partitioning.
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Model results are again generally in-line with expectations for the vapor-aerosol model.
Volatile species do not appear to have heavy loadings on the aerosolized mold spores,
presumably relating to their high vapor pressures and overwhelming preference for the gas
phase. Certain classes of semi-volatile species, including the heavier, lower vapor-pressure
alkanes may be found in significant concentrations on aerosolized mold spores. It has been
previously shown that semi-volatile materials, including pesticides, often have greater affinity
for an organic aerosol phase than the vapor phase (Sauret et al. 2008). Much of the organic
material in mold spores is comprised of lignin and other large organic and biological species,
chemically similar to the alkanes, and therefore it is also no surprise that C20 – C30 alkanes show
an affinity for this phase (Porges 1932). It should also be noted that the approach taken here to
model the mold-air partitioning of volatile and semi-volatile species gives unrealistic results for
the organic acids. This class of compounds was excluded from analysis of the mold phases, and
it is clear that a more sophisticated model will be necessary to accurately predict organic acid
loadings on mold aerosol. Sensitivity analysis of model parameters indicate that the gas –
sediment partition coefficient and mold – gas partition coefficient have the greatest influence on
predicted mold aerosol mass loadings.
3.4.3 Vapor-Mold Film Partitioning
We consider the mold film growing on the walls to be comprised of material chemically
identical to the aerosolized mold spores suspended in the air. Therefore, mass concentrations in
the film phase are identical to mass loadings on the mold spores. The difference lies in the total
mass of each pollutant, which is reflected in the overall mass distribution model. The mass of
the mold film is estimated from data on the film thicknesses of urban organic films, and again is
chosen so as to provide a conservative estimate of pollutant mass in the mold film (Law and
Diamond 1998; Diamond et al. 2000; Diamond et al. 2001). Measurements of organic films on
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urban windows and other exterior surfaces by Diamond and co-workers show thicknesses in the
range of 29-250 nm, with 70 nm being a consistent average, and is thus chosen as the film
thickness for the models employed here (Diamond et al. 2000; Diamond et al. 2001). Based on
direct observation and photographs of flooded homes following Hurricane Katrina, we
conservatively estimate that the mold film covers an interior surface area (i.e., walls, floors, table
and counter tops) of 10 m2 (Polidori 2006; Schwab et al. 2007). Clearly, there are numerous
flooded homes in post-Katrina New Orleans in which the mold surface coverage is much greater
than our assumed value.
Because the same theoretical model was used in this scenario as for the vapor-aerosol
model (because we consider mold to be chemically identical, whether it exists as a spore or as a
film made up of spores), the same chemical classes which showed potentially high loadings in
aerosolized mold spores also show potentially high concentrations in the mold film—the alkanes,
pesticides, and PAH. The differences represented in this model as opposed to the aerosol are
reflected in the types of potential exposure to returning residents. While aerosolized spores can
be inhaled along with gas-phase organics, exposure to contaminants in the mold film will occur
primarily during disposal/cleanup and recovery of artifacts within the home. Dermal exposure is
here assumed to be the primary route. Organic contaminants absorbed in the mold film will also
be disposed of along with the remainder of the home debris (such as drywall, furniture,
upholstery, etc.), and therefore may also contribute to increased pollutant loadings at disposal
facilities such as landfills and incinerators.
It should also be noted here that, as previously discussed, the mold film growing on walls
and interior sources serves as the source of mold spores to the air. To that end, all vapor-phase
organic contaminants should be considered to be in equilibrium with the total mold (film +
aerosol). The model is broken into two parts in order to facilitate assessment of pollutant
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loadings by multiple exposure pathways, as well as to gauge the relative distribution of pollutant
classes across all phases. Sensitivity analysis reveals that the gas – sediment partition
coefficient, mold – gas partition coefficient, and estimated mold film density have the greatest
influence over predicted mold film contaminant concentrations.
3.4.4 Complete Mass Distribution Model
The mass distribution results are given in Figure 3.2, for the sediment, vapor-phase, mold
spores and mold film for both homes. The results shed some light as to the distribution of
pollutant classes across multiple phases in contaminated homes. The mass distribution model
was constructed using equations (3-6) and (3-7), presented earlier. While spores are constantly
being emitted from the mold film into the air inside the home, the aerosolized mold spores will
also grow by agglomeration and eventually fall out of the vapor phase. A constant amount of
mold spores in the vapor phase was assumed to construct an equilibrium model for the purposes
of this study.
3.5 Exposure Analysis
3.5.1 Dermal Exposure Pathway
The sediment results in Figure 3.2(a) and Table 3.6(a) show that the pollutant distribution
in contaminated sediments is dominated by alkanes and organic acids. The C20 – C30 alkanes and
organic acids detected in the sediments are abundant in natural sediments as well as Katrina
sediments deposited in New Orleans after the flooding (Hamilton et al. 1984; Ferrario et al.
1985; McFall et al. 1985b; McFall et al. 1985a; Ashley et al. 2008a). In mold films growing on
walls, upholstery, and other interior surfaces, esters, pesticides, and PAHs are the most abundant
constituents, as shown in Figure 3.2(c) and Table 3.6(b). In terms of exposure, returning
residents can come into contact with sediments and mold films while attempting to salvage and
recover artifacts from their homes. Sediment deposits covering floors and heavy mold growth on
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Home 1

Home 2

(a)

(b)

(c)

Figure 3.2 Mass distribution of contaminant classes in flooded homes in
New Orleans, LA following Hurricane Katrina in (a) sediments,
(b) vapor-phase, and (c) mold phases (aerosolized spores and mold film)
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walls, furniture, and other surfaces makes these media almost impossible to avoid. Based on the
concentration data in Table 3.6, ranges of pollutant loadings between the sediments and mold
films are comparable.
3.5.2 Inhalation Exposure Pathway
In contrast to the sediments, the vapor phase appears to be dominated by the volatile
benzene derivatives, aldehydes, and organic acids, as shown in Figure 3.2(b) and Table 3.7(a).
Organic acids have been previously detected in high concentrations in the vapor-phase, so their
appearance here comes as no surprise (Hays et al. 2006). Volatiles and aldehydes likewise
unsurprisingly contribute a significant amount to the vapor phase, due to their high vapor
pressures. Mold spores and films show the same contaminant distribution, because these two
phases were treated in a similar manner in our models. Therefore, esters, pesticides, and PAH
are again the dominant classes which absorb to the mold phase. Mold spore contaminant
distributions by class are shown in Figure 3.2(c) and Table 3.7(b). Due to the differences in
sediment concentrations and distributions in each home, it is also likely that the chemical odor
encountered in each home would be different, because predicted vapor and mold phase
concentrations are based upon the experimentally measured sediment pollutant loadings. Based
on our worst-case model, an inhalation exposure assessment can also be constructed. Assuming
a typical human nasal air inhalation rate of 15 L/min, a mass exposure to airborne chemicals
inside flooded homes in the vapor and mold spore phases can be determined (Kimbel 2006). The
results, shown in Table 3.8, confirm the conclusions of previous models, but also provide a
worst-case mass inhalation of organic pollutants in 1 hour. Such an analysis can be useful for
toxicologists in determining potential doses of organic materials that may have been inhaled, as
well as for policy makers and emergency personnel.
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Table 3.6 Dermal exposure assessment
Part A – Sediment Concentrations
Concentration
(mg/kg wet sediment)
Pollutant Class

Home 1

Home 2

Alkanes

5350

2150

Aldehydes

BDL

7.8

Esters

173

292

Organic Acids

675

7000

Pesticides

350

22.9

PAHs

107

92.9

Volatiles

13.6

BDL

TOTAL

6670

9560

Part B – Mold Film Concentrations
Concentration (mg/kg film)
Pollutant Class

Home 1

Home 2

Alkanes

3690

1780

Aldehydes

BDL

985

231,000

7860

--

--

32,400

47.4

PAHs

2490

2650

Volatiles

369

BDL

TOTAL

270,000

13,300

Esters
Organic Acids
Pesticides
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Table 3.7 Inhalation exposure assessment
Part A – Vapor-Phase Concentrations
Concentration (µg/m3 air)
Pollutant Class

Home 1

Home 2

Alkanes

1580

1420

Aldehydes

BDL

31,300

Esters

31.6

260

Organic Acids

69.5

7180

Pesticides

79.0

0.5

PAHs

6.5

6.9

Volatiles

46,900

BDL

TOTAL

48,700

40,200

Part B – Aerosolized Mold Spore Concentrations
Concentration (ng/m3 air)
Pollutant Class

Home 1

Home 2

Alkanes

30.5

14.7

Aldehydes

BDL

8.2

Esters

1920

65.1

--

--

Pesticides

268

0.4

PAH

20.7

21.9

Volatiles

3.1

BDL

TOTAL

2240

110

Organic Acids
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Table 3.8 Predicted 1-hour mass inhalation
Chemical

Home 1 (µg)

Home 2 (µg)

11.4
123
1180
0.2
< 0.1
< 0.1
0.5
1.4
< 0.1
97.6

BDL
121
1160
0.2
< 0.1
< 0.1
BDL
1.4
< 0.1
BDL

BDL

28,200

1.8
28.3
BDL

BDL
BDL
234

BDL
62.5

6400
61.1

69.0
1.2
1.1

BDL
BDL
0.5

5.9

6.2

13,800
28,400

BDL
BDL

Alkanes
Docosane
Eicosane
Heptadecane
Hexacosane
Nonacosane
Octacosane
Pentacosane
Tetracosane
Triacontane
Tricosane
Aldehydes
Nonanal
Esters
Bis (2-ethylhexyl) phthalate
Diethyl phthalate
Phthalic anhydride
Organic Acids
Nonanoic Acid
Oleic Acid
Pesticides
Chlordane
Dieldrin
Diethyltoluamide (DEET)
PAH
Fluoranthene
Volatiles
Trimethyl benzenes
1-ethyl-2-methyl benzene

BDL = below detection limit in sediments
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3.5.3 Exposure Analysis Discussion
Here it is again important to remind the reader that all of the vapor-phase, mold spore,
and mold film modeling results presented are based on a worst-case, wet sediment scenario.
While there are certainly situations which can cause the wet sediment condition to exist, it should
also be pointed out that vapor-phase concentrations (and subsequently, mold phase
concentrations) will be decreased by gas-phase reaction with ozone and hydroxyl radicals, as
well as by air exchange with fresh, outside air entering the home. Kinetic analysis and more
detailed models are needed to better refine the estimates provided by the thermodynamic models
employed here, but are beyond the scope of the current discussion.
In light of the mass distribution model, we can draw several important conclusions as to
the potential exposure of returning residents to hazardous material. First, mold spores may
represent a significant sink for PAH, pesticides and esters (commonly comprised of the
phthalates, which are plasticizers). An exposure assessment that only considers exposure to gasphase materials of these classes may under predict the total mass of pollutant which a person
may be inhaling. Secondly, aldehydes and organic acids may contribute a more significant
fraction to the vapor phase than previously thought, and should not be excluded from
consideration of exposure effects from this phase. Finally, the PAHs detected in the sediment
and mold film phases may be cause for concern when contaminated housing material is disposed
of. This may represent a special problem for waste incinerators where products of incomplete
combustion may release partially oxidized PAH or other species to the air. In landfills or other
disposal facilities, regular monitoring of run-off effluents or waste streams may be needed.
3.6 Conclusions
In the situations where broad collection of experimental data is impractical, theoretical
predictive models can be useful in evaluating multi-phase relative pollutant concentrations. In
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this chapter, a mass distribution model was used to determine the relative distributions of many
classes of contaminants across four equilibrium phases inside flooded homes in post-Katrina
New Orleans. Results indicate that prolonged contact with contaminated sediment, vapor-phase
organics, and pollutant-laden aerosolized mold spores, may result in a significant exposure of
New Orleans area residents and recovery workers to toxic materials. Future research efforts
should further probe the effects of mold as a transport and partitioning medium for volatile and
semi-volatile materials, as experimental data in this area is severely lacking. Additionally, an
unsteady-state model should be employed to compliment the current thermodynamic
(equilibrium) model described here, which can back-predict the pollutant multi-phase
concentrations in the immediate days and weeks following the storm, rather than the longer-term
equilibrium worst-case model employed herein.
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CHAPTER 4
CHEMODYNAMIC UNSTEADY-STATE MODEL AND EXPOSURE
ANALYSIS FOR HOMES FLOODED DURING HURRICANE KATRINA*
4.1 Introduction
The impact of Hurricane Katrina on the city of New Orleans and its residents has been
far-reaching. As the recovery and clean-up progresses, several unanswered questions remain
regarding Katrina’s short- and long-term environmental impacts on the area. Katrina’s landfall
on August 29, 2005, and the subsequent failure of many protective levees around the city of New
Orleans, resulted in floodwaters and suspended sediment from Lake Pontchartrain inundating
residential areas of the city for several weeks. After floodwaters were pumped back into Lake
Pontchartrain, contaminated sediment material was left behind all across New Orleans, covering
both outdoor areas as well as the ground floors of previously flooded homes, schools, and
businesses. The interior sediment material, which cannot be naturally weathered by wind, rain,
and other processes, can remain inside flood-destroyed buildings for an extended period of time,
where it serves as an exposure source of hazardous materials to first-responders, returning
residents, and recovery workers.
Previous studies have identified and quantified the distribution of chemical contaminants
in flood-deposited sediments inside homes (Ashley et al. 2008a; Ashley et al. 2008b). As
damaged homes sit, unoccupied and isolated for many weeks, months, or years after the storm,
sediment pollutants may distribute themselves among four phases inside the home: sediment,
gas-phase, mold films growing on walls and other surfaces, and mold spore aerosol present in the
gas-phase. A previous model has examined sediment pollutant partitioning from a
thermodynamic equilibrium basis, and results were generated for a worst-case analysis with wet,
*
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saturated sediment inside completely sealed and undisturbed homes (Ashley et al. 2009b). The
large quantity of mold and mold spores inside flooded homes, with measured values up to
645,000 spores m-3 were found to result in an organic-rich aerosol phase which can serve as both
a sink and transport medium for semi-volatile organic compounds from the gas-phase (Chew et
al. 2006; Solomon et al. 2006; Schwab et al. 2007; Ashley et al. 2009b; Ashley et al. 2009a).
The previous model identified several pollutant classes, including the volatiles,
pesticides, esters, and organic acids, which demonstrate significant partitioning from the
sediment to the vapor and mold phases. However, this model was not especially accurate at
predicting individual species concentrations across all phases because it lacked the capacity to
describe transient processes, such as sediment-to-air flux, air exchange (ventilation) rate through
the homes, and chemical reactions in the gas-phase. Existing commercially available models,
such as the EPA IAQX Indoor Air Quality and Inhalation Exposure model, cannot be employed
because they are not equipped for situations where the source of the chemical inside the home is
contaminated sediment fixed in-place on the home floor, and also do not account for the presence
of either mold film or mold spores as distinct and important phases. Therefore, a new, unsteadystate model must be developed from first principles, which overcomes the limitations of the
previous equilibrium approach, and also which adequately captures all significant pollutant
chemodynamic behavior across all four interior phases.
This chapter describes the development and solution of a new, chemodynamic unsteadystate model for in-home pollutants. It is solved a total of 31 times for 22 chemical contaminants
inside two Katrina-flooded homes. Results of this model may be used to provide a more
accurate dermal and inhalation exposure assessment, which describes the impact of in-home
pollutants to first-responders, residents, and recovery workers, over a 1500 day period.
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4.2 Model Development
4.2.1 Pollutant Chemodynamics and Model Assumptions
The underlying assumptions which lead to the model derivation are important, and will
be considered in detail. Figure 4.1 shows a diagram of a Katrina-flooded home with key phases
and pollutant chemodynamic behavior identified. Variables shown in the diagram correspond to
those used in the model equations, derived in subsequent sections. Measured sediment
concentrations inside two Katrina-flooded homes are used to “fit” the model, which is then used
to predict (i.e. hindcast or forecast) concentrations in the sediment, vapor, and mold phases. The
pollutants inside the home are assumed to begin in the sediment layer, which is deposited on the
floor by Katrina floodwaters, and remain inside the home after floodwaters have been pumped
out. The sediments are assumed to be dry/damp, rather than saturated, and to remain in this
regime over the time period of the model (Valsaraj and Thibodeaux 1988). The chemical
concentration and moisture in the sediment are assumed to be uniformly distributed throughout
the layer, and flux of the chemical to the vapor space inside the home occurs only at the
sediment-air interface.
Air exchange rates through the home are assumed to be constant and small, due to the
absence of fans or air conditioning, along with all doors and windows remaining closed. The airside mass transfer coefficient at the sediment interface is assumed to be controlled only by the
natural convection-induced heating and cooling of the floor and air inside the home. Details of
the calculation of these values are provided in the later section on model parameterization. For
the purposes of this study, concentrations of the sediment-laden pollutants in the outdoor air are
assumed to be negligible. Outdoor concentrations of the reactive species OH, O3, and NOx, are
taken to be constants based on 24-hour averaged data (Atkinson 1985). Indoor concentrations of
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these species are based on the outdoor values, and are adjusted for the air exchange rate, as will
be discussed later.

Figure 4.1 Schematic of home with key phases and pollutant chemodynamics shown

Behavior of the mold film and spores is assumed to be governed by thermodynamic
equilibrium, previously discussed in Chapter 3. This implies that uptake (sorption) of semivolatile organic chemicals by mold from the gas-phase is assumed to be instantaneously fast
relative to the transient processes of sediment-air flux, air exchange, and gas-phase chemical
reaction. The volume of the mold film and the mass concentration of mold spores inside the
home are assumed also to remain constant over the time period of the model simulation. All
physicochemical properties of the pollutants, partition coefficients, and mass transfer coefficients
are assumed to be constant, and are calculated at standard conditions (298 K, 1 atm).
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4.2.2 Derivation of Governing Equations
Construction of the model begins by writing the surface flux equation, based on the
concentration difference driving force, for chemical flux from the sediment to the air inside the
home.
N As (t ) = β (C AG ∗ (t ) − C AG (t ) )

(4-1)

where
NAs = Chemical flux at the sediment-air interface (mg m-2 day-1)
β = Air-side mass transfer coefficient (m2 day-1)
CAG*(t) = Gas-phase equilibrium concentration (mg m-3)
CAG(t) = Gas-phase concentration in air inside home (mg m-3)
The sediment-side mass transfer resistance is given by the ratio of sediment thickness to
chemical diffusivity in sediment, h/DAs. Sediment diffusivity is calculated by correlation with
gas-phase diffusivity (Reible and Shair 1982; Thibodeaux 1996). The sediment side resistance
was found to be approximately 0.001 hr/cm. The air-side mass transfer resistance is given by the
inverse of the air-side mass transfer coefficient, 1/β, and takes on values up to 0.008 hr/cm.
Clearly, the process is air film diffusion controlled, and no sediment-side mass transfer
coefficient is needed.
The gas-phase equilibrium concentration is calculated from the sediment-gas partition
coefficient and the sediment concentration, and is given by:

C AG* (t ) =

wAs (t )
K SG

where
CAG*(t) = Gas-phase equilibrium concentration (mg m-3)
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(4-2)

wAs(t) = Sediment concentration of chemical A (mg g-1)
KSG = Sediment – gas-phase partition coefficient for dry sediment (m3 kg-1)
A transient mass balance can now be written for the sediment layer, assuming that there is no
additional infusion of chemical and that the only loss process for species A is by flux to the air.
The sediment mass balance is given by equation (4-3).
dwAs (t )
As
= − N As
dt
ρ sVs (1 − ε s )

(4-3)

where
wAs(t) = Sediment concentration of chemical A (mg g-1)
NAs = Chemical flux at the sediment-air interface (mg m-2 day-1)
As = Sediment-air interfacial area (m2)
ρs = Sediment density for solid particles (kg m-3)
Vs = Volume of sediment layer (m3)
εs = Sediment porosity (m3 m-3)
Substituting the sediment flux equation (4-1) and gas-phase equilibrium concentration (4-2) into
the sediment transient mass balance (4-3) gives the governing equation to be solved for the
concentration within the sediment layer:
⎞
⎛ wAs (t )
dwAs (t )
As
⎜⎜
= −β
− C AG (t ) ⎟⎟
ρ sVs (1 − ε s ) ⎝ K SG
dt
⎠

(4-4)

The mass balance for the gas-phase is constructed as follows. There are two sources of
the chemical, flux from the sediment layer on the floor, and input of ambient (background)
concentrations in outdoor air, brought into the house by air exchange. Chemicals may also leave
the air inside the home by air exchange, and may also be degraded by chemical reaction in the
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gas phase inside the home by reaction with hydroxyl radicals, ozone, and NOx. The transient
mass balance on the gas phase is given by:
d
(C AG (t )Vvap + wA, film (t ) ρ moldV film + C A, spores (t )Vvap ) =
dt
(4-5)
C AO E + As N As (t ) − C AG (t ) E − (kOH COH C AG (t ) + kO 3CO 3C AG (t ) + k NOxC NOxC AG (t ) )Vvap

where
CAG(t) = Gas-phase concentration of A in air inside home (mg m-3)
Vvap = Indoor gas-phase volume (m3)
wA,film = Mold film concentration of species A (mg kg-1)
ρmold = Aspergillus mold density (kg m-3)
Vfilm = Volume of mold film (m3)
CA,spores = Concentration of species A on the mold spores (mg m-3)
CAO = Outdoor ambient concentration of species A (mg m-3)
E = Air exchange rate (m3 day-1)
As = Sediment-air interfacial area (m2)
NAs(t) = Chemical flux at the sediment-air interface (mg m-2 day-1)
kOH = Second-order hydroxyl radical reaction rate constant (cm3 molecule-1 day-1)
COH = Indoor hydroxyl radical concentration (molecule cm-3)
kO3 = Second-order ozone reaction rate constant (cm3 molecule-1 day-1)
CO3 = Indoor ozone concentration (molecule cm-3)
kNOx = Second-order NOx reaction rate constant (cm3 molecule-1 day-1)
CNOx = Indoor NOx concentration (molecule cm-3)
To simplify the accumulation term on the left-hand side of equation (4-5), equilibrium
relationships are needed to relate the concentrations in the mold phases to the gas-phase
concentration of the chemical of interest. Derivation of the equilibrium relationships for the
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mold phase was presented in Chapter 3, and only the relevant equations will be repeated here.
The mold-gas phase partition coefficient, KMG, is defined as follows:
K MG =

C A, mold (t )
C AG (t )

(4-6)

where
KMG = Mold – gas-phase partition coefficient (m3 m-3)
CA,mold = Concentration of species A in the mold (film or spores) phase (mg m-3)
CAG(t) = Gas-phase concentration of A in air inside home (mg m-3)
The mold film concentration is calculated from the mold phase concentration and the mold
density, as shown below:
wA, film (t ) =

C A, mold (t )

(4-7)

ρ mold

After substituting equations (4-6) and (4-7) into the second accumulation term in equation (4-5),
this term now becomes:

wA, film (t ) ρ moldV film = K MGC AG (t )V film

(4-8)

The concentration of species A on the mold spores is also calculated from the mold phase
concentration, and the total concentration of mold spores in the vapor phase:
C A, spores (t ) =

C A, mold (t )

ρ mold

Cmvap

(4-9)

where
Cmvap = Mass concentration of mold spores in the gas-phase indoors (kg m-3)
After substituting equations (4-6) and (4-9) into the third accumulation term in equation (4-5),
this term now becomes:
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C A, spores (t )Vvap = K MG C AG (t )

Cmvap

ρ mold

(4-10)

Vvap

Substituting equations (4-8) and (4-10) into the accumulation term in equation (4-5), the lefthand side of equation (4-5) now becomes:
C
⎞
d ⎛
⎜⎜ C AG (t )Vvap + K MGC AG (t )V film + K MGC AG (t ) mvap Vvap ⎟⎟
ρ mold
dt ⎝
⎠

(4-11)

Collecting terms gives:

Cmvap
⎛
⎞⎤
d ⎡
Vvap ⎟⎟⎥
⎢C AG (t )⎜⎜Vvap + K MGV film + K MG
ρ mold
dt ⎣
⎝
⎠⎦

(4-12)

The summation in parenthesis in equation (4-12) is just a collection of constants; it will be
termed an “effective vapor volume,” and accounts for the additional gas-phase volume above the
pure indoor vapor phase volume of the home available for accumulation of chemicals which are
highly sorptive to the mold phase (film and spores). Therefore,
Vveff = Vvap + K MGV film + K MG

Cmvap

ρmold

Vvap

(4-13)

Substitution of equations (4-1), (4-2), (4-12) and (4-13) into (4-5) yields the final governing
equation to be solved for the concentration of species A within the gas-phase inside the home.
⎞ E
dC AG (t )
A ⎛ w (t )
(C AO − C AG (t ) )
= s β ⎜⎜ As − C AG (t ) ⎟⎟ +
dt
Vveff ⎝ K SG
⎠ Vveff
− (kOH COH C AG (t ) + kO 3CO 3C AG (t ) + k NOxC NOxC AG (t ) )

Vvap

(4-14)

Vveff

Finally, the mold spore and film loadings can be computed by equilibrium relationships from the
vapor-phase concentration. Substituting equation (4-6) into (4-7) gives the equation for the mold
film loading:
wA, film (t ) = C AG (t )
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K MG

ρ mold

(4-15)

Substituting equation (4-6) into (4-9) gives the equation for the concentration in the mold spores:
C A, spores (t ) = C AG (t ) K MG

Cmvap

(4-16)

ρ mold

4.2.3 Solution Technique

The complete set of model equations is summarized in Table 4.1. Inspection of equations
(4-4) and (4-14) reveals that the governing differential mass balance equations for the sediment
and vapor phases are coupled, i.e. the vapor-phase concentration CAG(t) appears in the sediment
mass balance equation, and the sediment concentration wAs(t) appears in the vapor-phase mass
balance. Thus, a simultaneous solution of the two coupled, first-order ordinary differential
equations is required.

Table 4.1 Summary of equations for the chemodynamic unsteady-state model

Sediment

Vapor-Phase

Mold Film

Mold Spores

Unsteady-State Model Equation

Equation #

⎞
⎛ wAs (t )
dwAs (t )
As
⎜⎜
= −β
− C AG (t ) ⎟⎟
ρ sVs (1 − ε s ) ⎝ K SG
dt
⎠

4-4

⎞
dC AG (t )
A ⎛ w (t )
E
(C AO − C AG (t ) )
= s β ⎜⎜ As − C AG (t ) ⎟⎟ +
dt
Vveff ⎝ K SG
⎠ Vveff
− (kOH COH C AG (t ) + kO 3CO 3C AG (t ) + k NOxC NOxC AG (t ) )
wA, film (t ) = C AG (t )

K MG

ρ mold

C A, spores (t ) = C AG (t ) K MG
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Cmvap

ρ mold

Vvap

4-12

Vveff
4-15

4-16

The system of ODEs (equations 4-4 and 4-14) were solved using Mathcad™ version 14
(Parametric Technology Corporation), on a Dell Inspiron 8600 computer with a 1.50 GHz Intel
Pentium M processor and 512 MB of RAM. The fifth-order Radau method was selected as the
solver, using the built-in Mathcad™ function ODE Solve. The unsteady-state model was solved
for a time period of 1500 days, using a time step of 0.5 day.
The model was solved for each species in both homes by setting the gas-phase initial
condition (IC) to zero, and varying the sediment initial condition until the model solution passed
through the data point of the measured sediment concentration. The resulting gas-phase
predicted concentrations tended to overshoot and oscillate around the steady-state
concentration—an artifact of the numerical integration solution technique. In order to correct for
this, the gas-phase initial condition was reset to a non-zero value—the maximum predicted value
in the case of the volatiles, or the steady-state predicted value in the case of the semi-volatiles
and non-volatiles—and the system of equations is re-solved. The solution generated using the
adjusted gas-phase IC and the previously determined sediment IC is the reported result for each
species.
Physically, a non-zero gas-phase initial condition can be interpreted as accounting for the
fact that chemical flux from the sediment begins as soon as the floodwaters are removed, while
the sediment is still saturated with water and drying. Thus there will be some background, nonzero concentration of the pollutant in the gas-phase once the sediment reaches the dry/damp
regime and the model simulation begins.
Numerical solutions from Mathcad™ were exported to SigmaPlot™, version 10 (Systat
Software, Inc., 2006) for graphical analysis, and Microsoft Excel (version 2007, Microsoft
Corp.) for further computations. A sample Mathcad™ worksheet for the model setup and
solution is provided in Appendix E.
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The air exchange rate (E) is the single adjustable parameter in the model, and two distinct
values were chosen, as will be discussed in a later section. By varying the air exchange rate, two
discrete initial conditions could be obtained for each chemical studied, providing a range of
sediment initial concentration values which should bracket the possible concentration values in
the contaminated sediment inside flooded homes.
Because indoor sediment concentration measurements were not made until several months after
the floodwaters had been pumped out of the city, a range of sediment initial concentration values
(and thus a range of predicted gas-phase and mold-phase concentrations) is the best level of
accuracy at which solutions can currently be presented (Ashley et al. 2008a).
4.3 Model Parameterization

Calculation of the model parameters is of paramount importance in understanding both
the range of applicability as well as the limitations of the model solutions. The three key model
parameters are the sediment – gas-phase partition coefficient, air-side mass transfer coefficient,
and air exchange rate. These, along with the remaining constants and model inputs, are
described in detail in this section.
4.3.1 Sediment – Gas-Phase Partition Coefficient KSG

The time period over which the model will be run is just over four years, therefore the
sediment layer covering the floors of the home is assumed to be dry (less than 15% moisture)
over this entire range. Estimation of the drying time for very thin sediment layers revealed that
the sediment likely transitions from saturated to dry conditions in less than three days
(Thibodeaux 1996). Therefore, the model may under-predict the chemodynamic behavior of
sediment pollutants in the first three days, but otherwise should be a good approximation of the
system over the remaining time. A more extensive discussion of model limitations is provided
later.
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An expression for the sediment – gas-phase partition coefficient derived by de Seze was
used to compute this parameter, and is given as follows (de Seze 1999; de Seze et al. 2000a; de
Seze et al. 2000b):
⎛ RT
K f
W
W ⎞
⎟θ (WB ) + κ a / w Aa / w + oc oc + B
B mA
K SG = ⎜⎜
sat ⎟
H
ρB H
⎝ MWA PA ⎠

(4-17)

where
KSG = Sediment – gas-phase partition coefficient for dry sediment (m3 kg-1)
R = Universal gas constant (m3 atm mol-1 K-1)
T = System temperature (K)
MWA = Molecular weight of species A (g mol-1)
B = BET isotherm constant (dimensionless)
WmA = Monolayer coverage of species A on dry sediment (g kg-1)
PAsat = Saturated vapor pressure of species A at temperature of the system (atm)
θ(WB) = Water-free surface area fraction of the sediment (dimensionless)
κa/w = Air – water interface partition coefficient on sediment area basis (m3 m-2)
Aa/w = Free surface area of water per mass of dry sediment (m2 kg-1)
Koc = Water-organic carbon partition coefficient (m3 kg-1)
foc = Sediment fraction organic carbon (dimensionless)
H = Henry’s law constant based on molar concentrations (dimensionless)
WB = Sediment moisture content (g kg-1)
ρB = Density of liquid water (g m-3)
As seen in equation (4-17), KSG is composed of four terms. The first accounts for direct
partitioning of the organic chemical between air and the sediment mineral surface. The second
term accounts for the partitioning of the organic species between water film on the sediment
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mineral surface and the air. The third term accounts for the partitioning of the chemical between
the sediment natural organic matter and adjoining air. The final term describes the partitioning
of the organic species between the sediment porewater and the air-filled pores.
Molecular weight and saturated vapor pressure for the organic compounds are given in
Appendix C. When necessary, vapor pressures were adjusted to 298K using the ClausiusClapeyron equation. B, the BET isotherm constant, is taken to be an average value of 41
(Thibodeaux 1996). The sediment monolayer coverage was calculated from an equation given
by Valsaraj and Thibodeaux, which accounts for the mineral composition contribution to the
sediment surface area, and the fraction of external surface area available for adsorption (Valsaraj
and Thibodeaux 1988):
1/ 3

WmA

⎛ ρ 2 MWA ⎞
⎟⎟
= 0.917εS ⎜⎜ A
⎝ N ⎠

(4-18)

where
ε = Ratio of external surface area to total surface area, 0.184
(Jurinak and Volman 1957)
S = Sediment specific surface area; volume-fraction weighted average (cm2 g-1)
ρA = Condensed phase density of species A (g cm-3)
MWA = Molecular weight of species A (g mol-1)
N = Avogadro’s number, 6.022 x 1023 molecules mol-1
The relative humidity of the air inside the homes was estimated from the sediment
moisture content, and was found to be ~ 24% for both homes. The average air relative humidity
was assumed not to change significantly over the course of the modeling period. The water-free
fraction of mineral surface available for chemical partitioning, θ(WB), is obtained graphically
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once the air relative humidity is known, and is estimated to be approximately 0.60 (de Seze et al.
2000a).
The air – water interfacial partition coefficient, κa/w, for alkanes and PAH are computed
from correlations based on the saturated vapor pressure (Pankow 1997). The correlation is of the
form:
log κ a / w = m log PAsat + b

(4-19)

where
m = -0.93 for alkanes and -1.20 for PAH (Pankow 1997)
b = -4.42 for alkanes and -5.82 for PAH (Pankow 1997)
The interfacial partition coefficient could not be computed for aldehydes, esters, organic acids,
pesticides, or volatiles. This is not expected to significantly impact the overall sediment – gas
partition coefficient for these compounds, because the contribution of κa/w to KSG for the alkanes
and PAH was negligibly small. The free surface area of water per mass of dry sediment (Aa/w) is
estimated as 50% of the total ratio of sediment surface area to mass. For an experimentally
measured sediment/water system, 50% was found to be the average fraction of sediment surface
area covered by a film of either adsorbed or condensed water (de Seze et al. 2000a).
The organic carbon partition coefficient, Koc, and the Henry’s Law constant, H, were
determined as described in Chapter 3. The sediment measured fraction organic carbon, foc, was
reported in Chapter 2 to be 0.086 and 0.069 for homes 1 and 2, respectively. The sediment
moisture contents, WB, were also measured and are 0.085 and 0.083 g/g, for homes 1 and 2,
respectively.
For the sediment systems considered here, it was found that the first term of equation (417) dominates the system, implying that direct partitioning between the sediment mineral
adsorption sites and the adjoining air controls the equilibrium behavior at the interface. This
95

result is unsurprising, given the low organic matter content and low moisture content of these
sediments. During the first three days of drying, while the sediments were still saturated, the
final term of equation (4-17) may be important, and the Henry’s Law constant may dominate the
interfacial partitioning behavior under these conditions. The sediment – gas phase partition
coefficients for each chemical modeled in this study for both homes are given in Table 4.2.
4.3.2 Air-Side Mass Transfer Coefficient β

The sediment layer on the floors of Katrina-flooded homes is very thin. This less than 2
mm chemical diffusion path length is an air-filled pore, which provides negligible sediment- side
resistance to evaporative mass transfer. So, the overall evaporation mass-transfer resistance is
entirely on the air side of the interface. Because the homes remain sealed, with no air
conditioning or fans, and all doors and windows closed, forced convection of air is absent. The
movement of air inside the home is driven by the diurnal natural convection heating and cooling
of the air inside the home. The natural convection heat transfer coefficient for the floor of a
sealed home is obtained from published data (Awbi 1998; Awbi and Hatton 2000; Khalifa
2001b; Khalifa 2001a). The heat transfer coefficient is calculated from a correlation based on
the hydraulic diameter of the surface, and the temperature difference between the floor and the
air adjacent to it. The natural convection heat transfer coefficient for the floor is given by:

h=

1.823
(∆T )0.293
0.121
D

where
h = Natural convection heat transfer coefficient on the floor (W m-2 K-1)
D = 2LW/(L+W), hydraulic diameter of the floor (m)
∆T = Temperature difference between floor surface and adjacent air (K)
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(4-20)

Table 4.2 Sediment – gas phase partition coefficients KSG at 298 K
Chemical

KSG
Home 1
(m3 kg-1)

KSG
Home 2
(m3 kg-1)

Alkanes
Docosane

3.48 × 107

4.07 × 107

Eicosane

3.12 × 106

3.65 × 106

Heptadecane

3.52 × 105

4.12 × 105

Hexacosane

1.56 × 109

1.83 × 109

Nonacosane

8.31 × 1010

9.72 × 1010

Octacosane

3.67 × 1010

4.29 × 1010

Pentacosane

6.99 × 108

8.18 × 108

Tetracosane

2.56 × 108

2.99 × 108

Triacontane

8.61 × 1011

1.01 × 1012

Tricosane

3.68 × 106

4.30 × 106

Aldehydes
Nonanal

3.21 × 102

3.76 × 102

Esters
Bis (2-ethylhexyl) phthalate

3.36 ×108

3.92 × 108

Diethyl phthalate

6.82 × 104

7.97 × 104

Phthalic anhydride

3.29 × 105

3.84 × 105

Organic Acids
Nonanoic Acid

6.93 × 104

8.11 × 104

Oleic Acid

6.84 × 106

8.00 × 106

Pesticides
Chlordane

9.09 × 106

1.06 × 107

Dieldrin

3.46 × 107

4.05 × 107

Diethyltoluamide (DEET)

1.07 × 105

1.06 × 105

PAH
Fluoranthene

2.52 × 106

2.94 × 106

Volatiles
Trimethyl benzenes

6.85 × 101

8.00 × 101

1-ethyl-2-methyl benzene

5.48 × 101

6.39 × 101
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This correlation is only valid over a Grashof number range from 9 × 108 to 6 × 1010 (Awbi 1998;
Awbi and Hatton 2000). For a large room, with dimensions 10 ft wide and 15 feet long, and a
∆T between the air and floor of 5 K, the natural convection heat transfer coefficient at the floor is
3.24 W m-2 K-1.
The natural convection heat transfer coefficient at the floor can now be transformed to a
natural convection mass transfer coefficient by application of the well-known Chilton-Colburn
analogy. The Chilton-Colburn analogy is commonly expressed in terms of the heat and mass
transfer j-factors, which are comprised of dimensionless groups as shown below (Welty et al.
2001).
jH = jD

Nu
Sh
=
1/3
RePr
ReSc1/3

(4-21)

(4-22)

where
jH = j-factor for heat transfer
jD = j-factor for mass transfer
Nu = Nusselt number
Re = Reynolds number
Pr = Prandtl number
Sh = Sherwood number
Sc = Schmidt number
After substituting for the dimensionless numbers in equation (4-22) and rearranging, an
equation is obtained for calculating the natural convection mass transfer coefficient at the floor
from the natural convection heat transfer coefficient and physical properties:
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⎛ DA ⎞
h
⎜
⎟
β=
1/ 3 ⎜
(ρC p ) ⎝ kT ⎟⎠

2/3

(4-23)

where
β = Air-side natural convection mass transfer coefficient (m day-1)
ρ = Air density (kg m-3)
Cp = Air heat capacity (J kg-1 K-1)
DA = Diffusivity of species A in air (m2 day-1)
kT = Air thermal conductivity (W m-1 K-1)
Physical properties of air (ρ, Cp, kT) are obtained from standard references at 298 K and 1 atm.
The diffusion coefficient in air must be obtained for each species, and is calculated from the
Fuller, Schettler and Giddings correlation, based on structure-property relationships (Welty et al.
2001):
−3

10 T
DA =

[

1.75

1/ 2

⎛ 1
1
⎜⎜
+
⎝ MW A MWair

P (∑ v )A + (∑ v )air
1/ 3

1/ 3

]

⎞
⎟⎟
⎠
2

where
DA = Diffusivity of species A in air (cm2 sec-1)
T = Temperature (K)
MWA = Molecular weight of species A (g mol-1)
MWair = Molecular weight of air (29 g mol-1)
P = Pressure (atm)
(Σv)A = Summation of diffusion volumes for structural increments
(Σv)air = Diffusion volume for air (20.1)
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(4-24)

Diffusion volume increments (v’s) are obtained from the original reference (Fuller et al. 1966).
Once diffusion coefficients in air have been calculated for each species, the air-side natural
convection mass transfer coefficient can be calculated from equation (4-23). Calculated mass
transfer coefficients for each chemical used in this study are shown in Table 4.3.
4.3.3 Air Exchange Rate E

The air exchange rate is the single most important model parameter for volatile organic
chemicals. More than any other variable, it directly influences the sediment to air flux of VOCs
by affecting the concentration driving force between air and sediment. A high air exchange rate
increases the flux, by sweeping out the air inside the home quickly such that VOC concentrations
do not accumulate as swiftly in the gas phase. In contrast, a low air exchange rate decreases the
flux, by not quickly ventilating the home and enabling the accumulation of gas-phase VOCs.
Very few, if any, air exchange measurements have been made for sealed homes with no air
conditioning or other large-scale forced ventilation, such as fans and open doors or windows
(Matthews et al. 1986; Turner and Schulze 2007). With the air conditioner running, the lowest
reported air exchange rates fall in the range of 0.30 – 0.36 air changes per hour (Matthews et al.
1986; Turner and Schulze 2007). One value of 0.06 air changes per hour (ACH) has been
reported, presumably for a relatively well-sealed home (Turner and Schulze 2007). However,
the original reference for this reported value could not be obtained, and so the conditions under
which it was measured are not known. Because of the difficulty in narrowing down the range of
air exchange rates, and because of the lack of experimental data for sealed (unventilated) homes,
the air exchange rate was chosen as the single adjustable parameter for this model.
Two values of the air exchange rate are chosen, one at each end of the range of
previously reported values. The lowest reported air exchange rate for a home with the air
conditioner running is 0.30 ACH; this value is selected to be the higher of the two values used in
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Table 4.3 Mass transfer coefficients β for all species at 298 K
β
(m day-1)

Chemical
Alkanes
Docosane

73.7

Eicosane

76.2

Heptadecane

80.7

Hexacosane

69.5

Nonacosane

66.8

Octacosane

67.7

Pentacosane

70.4

Tetracosane

71.5

Triacontane

66.0

Tricosane

72.5

Aldehydes
Nonanal

100.2

Esters
Bis (2-ethylhexyl) phthalate

72.3

Diethyl phthalate

92.9

Phthalic anhydride

115.5

Organic Acids
Nonanoic Acid

98.8

Oleic Acid

78.6

Pesticides
Chlordane

84.3

Dieldrin

84.1

Diethyltoluamide (DEET)

94.0

PAH
Fluoranthene

96.5

Volatiles
Trimethyl benzenes

108.1

1-ethyl-2-methyl benzene

108.1
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this study, since flooded homes cannot be ventilated by air conditioning in the absence of
electrical power. The air exchange rates were then adjusted downward and the model re-solved
for the volatile chemicals, until such time as changing the mass transfer coefficient no longer had
any effect; i.e. the air exchange rate was so low that the process was entirely sediment-to-air flux
controlled.
For the VOCs of interest in this model, this air exchange rate was found to be 0.05 air
changes per hour, which agrees well with the previously reported measurement of 0.06 air
changes per hour under unknown but presumably sealed conditions. Therefore, 0.05 ACH is
selected as the lower of the two values employed in this study, and the model is solved at both
the high and low value of the air exchange rate to yield a range of calculated concentrations in
each phase.
It is also understood that calculated results using the high air exchange rate (0.30 ACH)
are expected to be an over-estimate. This value was measured under forced-ventilation
conditions, which will not exist in undisturbed, flooded homes without electricity. However, due
to the lack of experimental data at the low end of the air exchange rate range for non-ventilated
homes, the lowest reported measurement with air conditioning cannot be excluded, and is used to
provide an upper bound on the expected chemodynamic behavior of in-home pollutants. All else
being equal, the “true” pollutant concentrations are likely closer to those predicted using the low
air exchange rate, rather than the high air exchange rate.
4.3.4 Indoor Hydroxyl, Ozone, and NOx Concentrations

Indoor measurements of hydroxyl radical, ozone, and NOx concentrations are limited,
and most reported measurements have been made with regards to the indoor generation of these
species by cooking methods or air purification devices (Weschler 2009). Since neither of these
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conditions is expected to exist in Katrina-flooded homes, an alternate method of determining
these concentrations is needed.
Because the reactive species (hydroxyl, ozone, and NOx) are assumed not to be generated
indoors, they must enter the home by air exchange with fresh, outdoor air. Their indoor
concentrations are thus a function of the air exchange rate for each home. Outdoor, 24-hour
averaged concentrations for hydroxyl, ozone, and NOx are obtained from the literature, and were
determined to be 5.0 × 105, 7.2 × 1011, and 2.4 × 108 molecule cm-3 for OH, O3, and NOx,
respectively (Atkinson 1985). Indoor concentrations of these species are then calculated, for
each air exchange rate used in the model, by the following equation (Turner and Schulze 2007):
⎛
⎛ E
⎞⎞
Cindoor = Coutdoor ⎜1 − exp⎜ v tavg ⎟ ⎟
⎜V
⎟⎟
⎜
⎝ vap
⎠⎠
⎝

(4-25)

where
Cindoor = Indoor concentration of OH, O3, or NOx (molecule cm-3)
Coutdoor = Indoor concentration of OH, O3, or NOx (molecule cm-3)
Ev = Volumetric air exchange rate for a home (m3 hr-1)
Vvap = Indoor gas-phase volume (m3)
tavg = Time over which outdoor concentrations are averaged (hr)
4.3.5 Mold – Gas Partition Coefficients KMG and Other Model Input Parameters

The calculation of the mold – gas partition coefficients from the octanol – air partition
coefficient for each species was described in Chapter 3, and will not be repeated here (Ashley et
al. 2009b). A table of mold – gas partition coefficients is given in Table 4.4 for completeness.
Second order reaction rate constants for gas-phase chemical reactions with hydroxyl
radical, ozone, and NOx are given in Table 4.5. The remaining input parameters and constants
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Table 4.4 Mold – gas partition coefficients KMG at 298 K
Chemical

KMG
(m3 air m-3 mold)

Alkanes
Docosane

8.50 × 106

Eicosane

1.53 × 106

Heptadecane

1.22 × 105

Hexacosane

2.50 × 108

Nonacosane

3.17 × 109

Octacosane

1.35 × 109

Pentacosane

1.07 × 108

Tetracosane

4.61 × 107

Triacontane

7.36 × 109

Tricosane

1.98 × 107

Aldehydes
Nonanal

2.43 × 104

Esters
Bis (2-ethylhexyl) phthalate

1.41 × 1012

Diethyl phthalate

4.13 × 106

Phthalic anhydride

2.34 × 107

Organic Acids
Nonanoic Acid

2.19 × 107

Oleic Acid

9.32 × 109

Pesticides
Chlordane

3.26 × 108

Dieldrin

5.28 × 107

Diethyltoluamide (DEET)

6.96 × 107

PAH
Fluoranthene

2.97 × 108

Volatiles
Trimethyl benzenes

6.51 × 103

1-ethyl-2-methyl benzene

5.87 × 103
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are provided in Table 4.6. These parameters include such things as the home physical
dimensions, as well as sediment and mold dimensions and physicochemical properties.
4.4 Model Advantages and Limitations

Before the model results are presented and discussed, it is important to consider both the
advantages and limitations of the current system. As mentioned previously, the chemodynamic
model presented herein is based on “dry” sediment conditions. While the drying time of the thin
sediment layers is expected to be very rapid , this model does not capture the pollutant behavior
over the course of the first three days while the sediment moisture transitions from saturated to
dry conditions. The dry sediment values are expected to be a reasonable approximation of the
system over the longer period of time (1500 days) for which the model solutions are evaluated.
The reader is referred to the thermodynamic equilibrium model presented in Chapter 3 for a
description of sediment pollutant chemodynamics under saturated conditions (Ashley et al.
2009b). Due to the lack of experimentally determined natural convection mass transfer
coefficients on the floors of sealed homes, this parameter must be determined by correlation
from the natural convection heat transfer coefficient. In this case, the driving force for heat
transfer is the temperature difference in the finite air boundary layer adjacent to the floor. This
coefficient may also take on different values in different rooms of the same home, depending on
the degree of sunlight exposure each room receives to heat the air and surfaces inside.
Coefficients used here were calculated by a modest temperature difference across the air-side
boundary layer; these values may over- or under-predict the actual observed values inside
flooded homes in the presence of lesser or greater sunlight, respectively. Structural damage by
floodwater may also result in “leakier” homes where the air exchange rate is greater. In such
cases, the mass transfer coefficient may take on a forced-convection component, which is not
accounted for here.
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Table 4.5 Second-order reaction rate constants for OH, O3, and NOx
Chemical

kOH
(cm3 molecule-1 day-1)

kO3
(cm3 molecule-1 day-1)

kNOx
(cm3 molecule-1 day-1)

Alkanes
Docosane

2.42 × 10-6

N/A

4.11 × 10-9

Eicosane

2.18 × 10-6

N/A

2.97 × 10-9

Heptadecane

1.81 × 10-6

N/A

1.70 × 10-9

Hexacosane

2.91 × 10-6

N/A

7.19 × 10-9

Nonacosane

3.28 × 10-6

N/A

1.03 × 10-8

Octacosane

3.16 × 10-6

N/A

9.19 × 10-9

Pentacosane

2.79 × 10-6

N/A

6.31 × 10-9

Tetracosane

2.67 × 10-6

N/A

5.50 × 10-9

Triacontane

3.40 × 10-6

N/A

1.15 × 10-8

Tricosane

2.55 × 10-6

N/A

4.77 × 10-9

Aldehydes
Nonanal

2.86 × 10-6

N/A

6.77 × 10-9

Esters
Bis (2-ethylhexyl) phthalate

1.90 × 10-6

N/A

N/A

Diethyl phthalate

2.99 × 10-7

N/A

N/A

Phthalic anhydride

6.47 × 10-8

N/A

N/A

Organic Acids
Nonanoic Acid

8.44 × 10-7

N/A

N/A

Oleic Acid

6.85 × 10-6

1.43 × 10-11

N/A

Pesticides
Chlordane

4.35 × 10-7

3.09 × 10-15

N/A

Dieldrin

7.95 × 10-7

3.09 × 10-15

N/A

Diethyltoluamide (DEET)

2.19 × 10-6

N/A

N/A

PAH
Fluoranthene

2.53 × 10-6

N/A

N/A

Volatiles
Trimethyl benzenes

1.97 × 10-6

2.96 × 10-15

6.80 × 10-10

1-ethyl-2-methyl benzene

6.43 × 10-7

N/A

N/A

N/A = rate constant not available and was set equal to 0 in the model
Sources: (Meylan and Howard 2003; EPA 2007)
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Table 4.6 Model parameters and input values
Parameter

Variable

Value

Reference

Sediment Thickness (approximate)

h

0.002 m

Sediment surface area – Home 1

As1

165 m2

Sediment surface area – Home 2

As2

127 m2

Sediment volume – Home 1

Vs1

0.33 m3

Sediment volume – Home 2

Vs2

0.25 m3

Sediment porosity

ε

0.3

(Thibodeaux 1996)

Sediment (particle) density

ρs

2500 kg m-3

(Thibodeaux 1996)

Vapor volume – Home 1

Vvap1

402 m3

Vapor volume – Home 2

Vvap2

310 m3

Mold film volume

Vfilm

7.0 × 10-8 m3

(Ashley et al. 2009b)

Mold (wet) density

ρmold

770 kg m-3

(Ashley et al. 2009b)

Concentration of mold spores in
vapor phase

CMvap

8.3 × 10-9 kg m-3

(Ashley et al. 2009b)

As previously discussed, the air exchange rate is the single most dominant parameter for
predicting the chemodynamic behavior of volatile species. Again, the lack of experimental data
for enclosed homes without forced ventilation results in the use of assumptions and mathematical
approximations to arrive at the values employed in this work. Values at the low and high end of
the expected range for the air exchange rate are used in an attempt to bracket the behavior of a
range of pollutant classes inside Katrina-flooded homes. Generally, model solutions computed
using the lower air exchange rate (0.05 ACH) are expected to more closely reflect the true
behavior of pollutants across the four indoor phases (sediment, air, mold film, mold spores),
because the majority of Katrina-flooded homes remain sealed, with the doors and windows
closed, and without the operation of air conditioning or fans, for long periods of time. It is also
accepted that each home will have a different air exchange rate, depending on a variety of factors
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including methods and materials of construction, age, extent of damage by floodwaters, and
many others. For this reason, a range of model solutions using two different values of the air
exchange rate gives the model flexibility, and enables solutions to be generated which should
account for fluctuations in a range of localized conditions.
Arguably the greatest limitation of the current model is that the model parameters and
pollutant physical properties are calculated at standard conditions (298 K and 1 atm), and thus
the model is an isothermal one. Clearly, diurnal variations in temperature occur over the course
of a single day, and substantially greater fluctuations will exist when the entire modeling period
of 1500 days is considered. Temperature perturbations will affect the sediment – gas partition
coefficient and air-side mass transfer coefficient, as well as numerous pollutant physicochemical
properties such as the saturated vapor pressure. A discussion of the effects of temperature
perturbation on model results is included later in this chapter. The current level of understanding
of in-home pollutant chemodynamics and key model parameters, however, does not justify a
more rigorous transient, non-isothermal treatment. Such a model would generate a system of
second-order, partial differential equations in time and temperature, and would require
significantly greater computational effort to solve the coupled PDEs than for the system of firstorder simultaneous ODEs considered here. A rigorous non-isothermal model system could
generate more accurate predictions of pollutant chemodynamics, provided that the functionality
of partition coefficients, mass transfer coefficients, and reaction rate constants with temperature
were known with certainty. For the purposes of this study, it was desired to generate a model
which would provide useful results, given the uncertainties in parameters and chemodynamic
behavior of the pollutants, and which could also be solved with a minimum of computational
time and effort in order to aid in performing exposure calculations and analysis for future flood
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events. This model accomplishes those objectives, while knowingly sacrificing a rigorous nonisothermal treatment.
The concentrations of hydroxyl radicals, ozone, and NOx used in the reaction rate terms
are taken to be constants. This is equivalent to assuming that the rate of reaction with gaseous
organic species is much slower than the rate at which fresh hydroxyl, ozone, or NOx is brought
into the home by air exchange. For very low air exchange rates, including the 0.05 ACH value
used in this study, the above assumption may not be entirely valid, and the second-order reaction
may be limited by the availability of hydroxyl, ozone, and NOx species. At the same time,
generation of these species indoors by photolysis of water vapor or reactions of secondary
organic aerosol, are also not considered, and would serve to increase the available OH, O3, and
NOx concentrations inside flooded-homes.
Perhaps the greatest source of uncertainty in the current model lies in the calculation of
the mold – gas partition coefficients, KMG. A single study has examined uptake of mercury by
mold, but presently we are not aware of any studies which have examined uptake of volatile or
semi-volatile organic species by mold films or spores (Khambhaty et al. 2009). Thus,
calculation methods based on organic films and the octanol-air partition coefficient for each
species have been employed to estimate the mold – gas partition coefficients, as described
previously (Ashley et al. 2009b). Mold is a much more complex mixture of functional groups
and organic moieties than octanol (Porges 1932). While the calculated partition coefficients
represent the current state of the science, it is unknown how accurate the coefficients really are in
describing vapor-mold partitioning, in the absence of any experimental data.
For all of its limitations, the unsteady-state model described here is still a useful tool for
evaluating the fate of sediment contaminants in Katrina-flooded homes. Unlike the previous
model, which was a thermodynamically-based equilibrium model, the current model accounts for
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the transient effects of sediment-to-air flux, air exchange (ventilation) rate, and gas-phase
chemical reactions. The unsteady-state model accounts for the fact that enclosed, flooded homes
are not a static system, and enhances our understanding of the dynamic processes which occur in
these environments. It is also the most detailed model presented to date, which can be used to
predict concentrations of pollutants in flooded homes across sediment, vapor, and mold phases.
Exposure predictions are important, both for assessing how persons might have been exposed to
hazardous chemicals in the aftermath of Hurricane Katrina, as well as in future flooding events,
where the pollutant concentrations may be more quickly calculated to minimize the exposure of
residents and recovery workers to interior pollutants.
4.5 Model Results
4.5.1 Sediment
4.5.1.1 Volatiles and Aldehydes

Model results for volatiles and aldehydes sediment concentrations are shown in Figure
4.2. Concentrations of volatiles and aldehydes begin to decay quickly, and concentrations
eventually decrease below analytically detectable limits in fewer than 1000 days. These results
reflect the well-known behavior of sediment-laden volatile organic chemicals (VOCs) exposed to
air (Valsaraj and Thibodeaux 1988; Valsaraj 1997; Ravikrishna et al. 1998; Valsaraj 2000).
Because of their high vapor pressures (and consequently, low sediment – gas partition
coefficients), VOCs and aldehydes are rapidly depleted from the sediment by volatilization to the
gas phase. The effect of changing the air exchange rate from 0.3 to 0.05 is very pronounced, and
has a significant effect on the predicted sediment concentrations for the VOCs and aldehydes.
Sediment predicted initial conditions are greater at the higher air exchange rate, due to the fact
that the gas-phase is swept out much more frequently, resulting in a larger concentration driving
force for mass transfer, than at the low air exchange rate.
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4.5.1.2 Polycyclic Aromatic Hydrocarbons (PAH)

Sediment modeling results for PAH concentrations are shown in Figure 4.3. PAH
concentrations do not decay as quickly as the more volatile species seen previously, and are not
completely depleted from the sediment over the 1500 day period over which the model was run.
Varying the air exchange rate is also not observed to have nearly as great an influence on
sediment concentrations as for the VOCs, and model predictions for fluoranthene sediment
concentrations at both air exchange rates nearly overlap over the entire modeling range.
Fluoranthene is also among the less volatile polyaromatic species; a lighter aromatic such as
naphthalene would be expected to behave similarly to the volatile species described previously,
whereas larger PAH, such as the 4-ringed fluoranthene, have a much greater affinity for the
sediment phase. As seen in Table 4.2, the KSG for fluoranthene is 4-5 orders of magnitude
greater than that of the volatiles and aldehydes, reflecting fluoranthene’s greater thermodynamic
preference for the sediment phase.
4.5.1.3 Organic Acids

Organic acids sediment predicted concentrations are shown in Figure 4.4. Like the semi-volatile
PAHs, organic acid sediment concentrations do not degrade quickly and often overlap at the two
air exchange rates employed in this study. For oleic acid, model predicted results in each home
are indistinguishable for the two air exchange rates. Nonanoic acid sediment concentration
results indicate a more rapid decrease at higher air exchange rates. Nonanoic acid’s KSG (~104)
is between that of the volatiles (~101) and oleic acid (~106). As a result, nonanoic acid is
expected to have a non-negligible gas-phase concentration, and thus the sediment-to-air flux of
nonanoic acid is greater than that of oleic acid.
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(a)

(b)

(c)
Figure 4.2 Volatiles and aldehydes model predictions and measured sediment concentrations for
(a) Trimethyl benzenes and 1-ethyl-2-methyl benzene at E = 0.3 ACH, (b) Trimethyl benzenes
and 1-ethyl-2-methyl benzene at E = 0.05 ACH, and (c) Nonanal at E = 0.3 and 0.05 ACH
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Figure 4.3 Fluoranthene model predictions and measured sediment concentrations
at E = 0.3 and 0.05 ACH

4.5.1.4 Pesticides

Sediment predicted concentrations of the pesticides chlordane, dieldrin, and
diethyltoluamide (DEET) are shown in Figure 4.5. Like the other semi-volatile pollutants
described, sediment concentrations do not change appreciably over the 1500 day modeling
period. For chlordane and dieldrin (KSG ~ 107), model results for both air exchange rate are
indistinguishable, whereas for DEET (KSG ~ 105), sediment concentrations decay somewhat more
rapidly at the high air exchange rate than at the low air exchange rate.
4.5.1.5 Esters

Bis (2-ethylhexyl) phthalate, diethyl phthalate, and phthalic anhydride sediment predicted
concentrations are shown in Figure 4.6. Model predictions for bis (2-ethylhexyl) phthalate (KSG
~ 108) are indistinguishable over the range of air exchange rates used in this study, whereas
results for diethyl phthalate (KSG ~ 104) and phthalic anhydride (KSG ~ 105) vary. Sediment
concentrations are depleted more rapidly at higher air exchange rates.
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4.5.1.6 Alkanes

Model predicted sediment concentrations for C20 – C30 alkanes are shown in Figure 4.7.
The alkanes studied here are very non-volatile, and their sediment concentrations show almost no
change over the entire 1500 day modeling period. With the exception of eicosane and
heptadecane, model results for the alkanes are invariant with air exchange rate. As a group, the
alkanes have the largest sediment – gas partition coefficients of all chemicals studied (KSG ~ 105
– 1012). Referring to Table 4.3, the alkanes also have the smallest mass transfer coefficients of
all the compound classes studied here. High KSG values combined with low mass transfer
coefficients reflect the alkanes strong affinity for the sediment phase.
4.5.1.7 Sediment Predicted Initial Conditions

Sediment predicted initial conditions for all chemicals in both homes are given in Table
4.7. Ranges represent initial conditions calculated at the high and low air exchange rate values.
Where ranges are not given (such as for the alkanes), predicted initial conditions are
indistinguishable between the two solutions.
The greatest sediment initial condition difference between the two air exchange rates is
observed for the aldehydes and volatiles. Because these two compound classes are depleted very
rapidly from the sediment, the air exchange rate is dominant in controlling the flux at the
sediment-air interface. At high air exchange rates, the vapor phase inside the home is more
frequently purged by fresh, outdoor air, and the concentration driving force for mass transfer
between the sediment and air remains very large. Thus, for the more volatile species, initial
sediment concentrations must be very high in order to decay to the measured values observed
several months later. It is important to note here that the sediment predicted initial conditions at
high air exchange rate for the volatile compounds are unrealistic. The predicted initial
concentration of 1-ethyl-2-methyl benzene, 8.85 × 106 mg/kg, would imply that the chemical
114

loading on the sediment is greater than the total amount of sediment inside the home. The
predicted initial concentration of the trimethyl benzenes, 5.70 × 105 mg/kg, would indicate that
57% of the sediment mass is comprised of trimethyl benzenes. These results support the opinion
that an air exchange rate of 0.3 air changes per hour is too high for an enclosed home without
forced ventilation. Based on this finding, the exposure analysis presented in a later section will
use only the model results calculated at the lower air exchange rate of 0.05 air changes per hour,
which we believe more accurately reflects the poor ventilation conditions of sealed homes.

(a)

(b)

Figure 4.4 Organic acids model predictions and measured sediment concentrations for
(a) Nonanoic acid, and (b) Oleic acid at E = 0.3 and 0.05 ACH

4.5.2 Gas-Phase
4.5.2.1 Volatiles and Aldehydes

Model gas-phase predicted concentrations for the volatiles and aldehydes are shown in
Figure 4.8. As expected, the most volatile chemicals have the greatest predicted vapor-phase
concentrations. Because the sediment concentrations of these species were depleted rapidly, the
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(a)

(b)

(c)
Figure 4.5 Pesticides model predictions and measured sediment concentrations for (a) Chlordane,
(b) Dieldrin, and (c) DEET at E = 0.3 and 0.05 ACH
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(a)

(b)

(c)
Figure 4.6 Esters model predictions and measured sediment concentrations for (a) Bis (2ethylhexyl) phthalate, (b) Diethyl phthalate, and (c) Phthalic anhydride at E = 0.3 and 0.05 ACH

117

(a)

(b)

(c)

(d)

Figure 4.7 Alkanes model predictions and measured sediment concentrations for (a) Docosane,
(b) Eicosane, (c) Heptadecane, (d) Hexacosane, (e) Nonacosane, (f) Octacosane,
(g) Pentacosane, (h) Tetracosane, (i) Triacontane, and (j) Tricosane at E = 0.3 and 0.05 ACH
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Figure 4.7 (continued)

(e)

(f)

(g)

(h)

(i)

(j)
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Table 4.7 Model predicted sediment initial condition ranges for high and low air exchange rates1
Home 1
Sediment Initial
Condition

Home 2
Sediment Initial
Condition

6
11.5

-6.1

Heptadecane
Hexacosane

3.6
53.7

2.6
45.5

Nonacosane
Octacosane
Pentacosane

375.7
180.7
6.5

446
107
--

Tetracosane

114.3

40.6

Triacontane

1790

1680

Tricosane

13

--

Aldehydes
Nonanal

--

378 – 35

173

--

Chemical
Alkanes
Docosane
Eicosane

Esters
Bis (2-ethylhexyl) phthalate
Diethyl phthalate

14.7 – 14.5

--

--

320 – 319

Organic Acids
Nonanoic Acid
Oleic Acid

-365

3073 – 3040
751

Pesticides
Chlordane
Dieldrin

306
3.2

---

24.4 – 24.3

12.6 – 12.5

38.6

50.3

570,000a – 98
8,850,000b – 200

---

Phthalic anhydride

Diethyltoluamide (DEET)
PAH
Fluoranthene
Volatiles
Trimethyl benzenes
1-ethyl-2-methyl benzene
1

- When only one value is given, predicted initial conditions were indistinguishable
across two air exchange rates
a
– Unreasonably high value (57 % of sediment mass as trimethyl benzenes)
b
- Clearly an unrealistic value (8.85 g/g); these results (a and b) provide further
justification as to why the upper limit of the air exchange rate used here (E = 0.3
ACH) is too high for a sealed home without forced ventilation
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gas-phase concentration also decays exponentially, and results indicate that VOC and aldehyde
concentrations drop below detectable limits in 500-1000 days. For both VOCs and aldehydes,
gas-phase starting concentrations are greater at high air exchange rates, and remain greater than
concentrations calculated at low air exchange rates until both solutions begin to converge on
values below measurable quantities. As noted above, this is a consequence of the fact that
sediment-to-air flux of VOCs and aldehydes is more rapid due to high initial loadings in
sediment. A discussion of the effects of air exchange rate and sediment loadings on model
predicted phase concentrations is provided following the semi-volatile results.
4.5.2.2 Semi-Volatile Compounds: PAH, Organic Acids, Pesticides, and Esters

Model gas-phase results for the semi-volatile compounds are shown in Figures 4.9 – 4.12.
Like their sediment-phase concentrations, gas-phase concentrations of semi-volatiles decrease
very slowly with time, and maintain nearly constant values over the entire 1500 day modeling
period. Compounds with higher vapor pressures and lower sediment – gas partition coefficients,
such as nonanoic acid, DEET, and phthalic anhydride, show greater overall concentrations in the
gas-phase than the other semi-volatile species. Compounds with predicted gas-phase
concentrations below 10-3 µg/m3 are not shown.
In contrast to the behavior of the VOCs and aldehydes, all the semi-volatile compounds
vapor-phase concentrations are predicted to be greater at lower air exchange rates than at higher
air exchange rates. The flux of semi-volatile species at the sediment-air interface is much slower
than that of the more volatile species. Due to the slower flux, concentrations in the gas-phase are
allowed to accumulate. This accumulation is greater at the lower air exchange rate, because the
air inside the home is not purged out as quickly with fresh, outdoor air, as that at the higher air
exchange rate. Consequently, for semi-volatile species, gas-phase concentrations reach and
maintain greater concentrations at lower values of the air exchange rate.
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(a)

(b)

(c)
Figure 4.8 Volatiles and aldehydes gas phase results for (a) Trimethyl benzenes and 1-ethyl-2methyl benzene at E = 0.3 ACH, (b) Trimethyl benzenes and 1-ethyl-2-methyl benzene at
E = 0.05 ACH, and (c) Nonanal at E = 0.3 and 0.05 ACH
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Figure 4.9 PAH gas phase results at E = 0.3 and 0.05 ACH

(a)

(b)

Figure 4.10 Organic acids predicted gas phase results for (a) Nonanoic acid and (b) Oleic acid at
E = 0.3 and 0.05 ACH
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(a)

(b)

Figure 4.11 Pesticides gas phase results for (a) Chlordane and (b) Dieldrin
at E = 0.3 and 0.05 ACH

(a)

(b)

Figure 4.12 Esters predicted gas phase results for (a) Diethyl phthalate and (b) Phthalic
anhydride at E = 0.3 and 0.05 ACH
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4.5.2.3 Comparison of Volatile and Semi-Volatile Gas-Phase Model Solutions

The air exchange rate is the key parameter which controls the sediment-to-air flux and the
calculated gas-phase results. If initial concentrations of VOCs and SVOCs were identical in the
sediment for either value of the air exchange rate (i.e., 100 mg/kg sediment initial concentration),
the computed gas-phase concentrations would always be greater at the lower air exchange rate.
This is due to the fact that the air inside the home has a greater residence time at the slower
ventilation rate (air is not swept out as quickly), and thus concentrations of chemicals in the gasphase can accumulate. At higher air exchange rate, the air turnover inside the home is much
faster, and chemicals in the gas-phase are swept out of the home before reaching higher
concentration. This is exactly the result observed for the semi-volatile compounds in this study,
because SVOC predicted sediment initial concentrations were identical for both values of the air
exchange rate. Due to higher KSG values (see Table 4.2), the flux of SVOCs is much slower than
that of the volatiles, and is essentially constant. Because the sediment loadings of SVOCs are
depleted very slowly, air exchange rate has little effect on the sediment initial concentrations
required to make the model solution pass through the measured value, at t = 168 or 246 days.
In contrast, VOC predicted sediment initial concentrations are not identical at both air
exchange rates, with the greater initial sediment loading observed for the higher air exchange
rate. The reason for the variable sediment initial condition with air exchange rate is that, unlike
the SVOCs, the flux of volatiles from the sediment to the gas-phase is initially much greater, and
also highly transient. As seen in Table 4.2, the KSG of volatile compounds is very small, and
thus the vapor-phase capacity and concentration driving force for mass transfer from the
sediment is much higher for VOCs than SVOCs. Because gas-phase chemical accumulation is
much lower at the high air exchange rate than the low air exchange rate, the concentration
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driving force is much larger at high air exchange rate (see equation 4-1). These two effects
combine to deplete the sediment concentration of VOCs much more rapidly at high air exchange
rate, and thus a greater initial sediment loading is required at this condition in order for the model
solution to pass through the measured value at t = 168 or 246 days.
Thus, for VOCs and SVOCs, the air exchange rate controls the overall sediment and gasphase pollutant behavior in two different manners. For volatiles, the air exchange rate changes
the initial sediment loading, resulting in a greater sediment-to-air flux, and higher calculated gasphase concentrations at high air exchange rate. For semi-volatiles, the impact of air exchange
rate on sediment initial concentrations is negligible, and the air exchange rate directly controls
the accumulation of SVOCs in the gas-phase by changing the residence time of air inside the
home. For SVOCs, the greatest predicted gas-phase concentrations are observed at the low air
exchange rate, when the air residence time is the longest. Graphical results which compliment
this analysis are provided in Appendix F.
4.5.2.4 Non-Volatile Compounds: Alkanes

Model results for the gas-phase concentrations of the alkanes are not shown. All alkane
predicted gas-phase concentrations at all times were less than 10-3 µg/m3, and are not considered
to be significant. This result is in agreement with expectations, given the alkanes very high
sediment – gas partition coefficients.
4.5.3 Mold Film and Spores
4.5.3.1 Volatiles and Aldehydes

VOC and aldehyde predicted results for the mold film and mold spore phases are shown
in Figures 4.13 and 4.14, respectively. Because the mold concentrations are calculated from
equilibrium relationships with the gas-phase, mold film and spore concentrations track the gasphase concentrations of all species, and follow the same air exchange rate trends as the gas126

(a)

(b)

(c)
Figure 4.13 Volatiles and aldehydes mold film results for (a) Trimethyl benzenes and 1-ethyl-2methyl benzene at E = 0.3 ACH, (b) Trimethyl benzenes and 1-ethyl-2-methyl benzene at
E = 0.05 ACH, and (c) Nonanal at E = 0.3 and 0.05 ACH
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(a)

(b)

(c)
Figure 4.14 Volatiles and aldehydes mold spore results for (a) Trimethyl benzenes and 1-ethyl-2methyl benzene at E = 0.3 ACH, (b) Trimethyl benzenes and 1-ethyl-2-methyl benzene at
E = 0.05 ACH, and (c) Nonanal at E = 0.3 and 0.05 ACH
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phase. Concentrations of VOCs and aldehydes in the mold films and spores inside the home
begin at high values, and then decay exponentially with the gas-phase concentrations.
4.5.3.2 Semi-Volatile Compounds: PAH, Organic Acids, Pesticides, and Esters

Concentrations of semi-volatile species in the mold films and spores are shown in Figures
4.15 – 4.22. Species with mold spore concentrations below 10-2 ng/m3 are not shown. Like the
volatile species, mold-phase compounds of a particular species track with its gas-phase
concentration, because of the equilibrium relationship between the mold and gas phases.
Because gas-phase concentrations remain nearly constant for the semi-volatile species, mold
concentrations also remain constant over nearly the entire 1500 day modeling period. Certain
species, including nonanoic acid, oleic acid, DEET, fluoranthene, bis (2-ethylhexyl) phthalate
and phthalic anhydride, show very high concentrations in the mold films and spores. Referring
to Table 4.4, these compounds all have very high mold – gas partition coefficients (KMG ~ 107 –
1012), reflecting the strong affinity these species have for the mold phases.
4.5.3.3 Non-Volatile Compounds: Alkanes

Results for the alkane mold phase concentrations are not shown, because all of the
calculated concentrations are significantly lower than those of the semi-volatile species. Even
though the alkanes display appreciable mold – gas partition coefficients (KMG ~ 105 - 109), moldphase concentrations of the alkanes are minimal because their gas-phase concentrations are
negligibly small.
4.6 Discussion
4.6.1 Sediment
4.6.1.1 Volatiles

Volatiles are quickly depleted from the sediment, as shown previously in Figure 4.2.
This result is consistent with the high vapor pressures and volatility of the benzene derivatives
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Figure 4.15 PAH mold film results at E = 0.3 and 0.05 ACH

Figure 4.16 PAH mold spore results at E = 0.3 and 0.05 ACH
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(a)

(b)

Figure 4.17 Organic acids mold film results for (a) Nonanoic acid and (b) Oleic acid
at E = 0.3 and 0.05 ACH

(a)

(b)

Figure 4.18 Organic acids mold spore results for (a) Nonanoic acid and (b) Oleic acid
at E = 0.3 and 0.05 ACH
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(a)

(b)

Figure 4.19 Pesticides mold film results for (a) Chlordane and (b) DEET
at E = 0.3 and 0.05 ACH

(a)

(b)

Figure 4.20 Pesticides mold spore results for (a) Chlordane and (b) DEET
at E = 0.3 and 0.05 ACH
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(a)

(b)

(c)
Figure 4.21 Esters mold film results for (a) Bis (2-ethylhexyl) phthalate, (b) Diethyl phthalate,
and (c) Phthalic anhydride at E = 0.3 and 0.05 ACH
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(a)

(b)

Figure 4.22 Esters mold spore results for (a) Bis (2-ethylhexyl) phthalate, and (b) Phthalic
anhydride at E = 0.3 and 0.05 ACH

and the aldehyde compound observed in the in-home sediments. The VOC sediment lifetime is
short, and the model predicts that sediment concentrations decay to below measurable levels in
fewer than 500 days for the benzene compounds, and fewer than 1000 days for the aldehyde.
The air exchange rate is also observed to have substantial impact on the model results for
VOCs. Sediment concentrations are observed to decay more quickly from the sediment at high
air exchange rate compared to low air exchange rate. High air exchange rate maintains a strong
driving force for mass transfer from the sediment by more quickly purging the vapor space inside
the home. This large concentration difference results in VOCs being lost from the sediment
more quickly under high air exchange conditions, and results in a greater predicted sediment
initial concentration than at lower air exchange conditions. In fact, the high air exchange
condition used here (0.3 ACH) predicts an unrealistic sediment initial concentration for both 1ethyl-2-methyl benzene and trimethyl benzenes, as shown in Table 4.7. Because the chemical
loading on the sediment cannot exceed the amount of sediment actually present, this result
provides further justification as to why the upper limit of the air exchange rate employed here,
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0.3 ACH, is unrealistic for an enclosed home without forced ventilation. Sediment predicted
initial concentrations determined at the lower air exchange rate limit, 0.05 ACH, are much more
likely to reflect the “true” behavior of sealed homes without forced ventilation, and it is these
predicted concentrations at the lower air exchange rate which will be used for the exposure
analysis calculations in a later section.
4.6.1.2 Semi-Volatiles

Sediment predicted concentrations of the semi-volatile compounds, which include the
esters, organic acids, PAHs, and pesticides, reveal that these compounds are not lost nearly as
rapidly from the sediment as the VOCs, and also are not as strongly influenced by the air
exchange rate. The SVOCs have lower vapor pressures and are substantially less volatile than
the VOCs, thus their concentration driving force for mass transfer is not nearly as great. For
these reasons, the flux remains constant with time because very little of the semi-volatile species
are depleted from the sediment by the end of the 1500 day modeling period.
4.6.1.3 Non-Volatiles

The C20 – C30 alkanes detected in sediment inside Katrina-flooded homes are essentially
non-volatile, and do not demonstrate any appreciable flux from the sediment to the vapor space
inside the home. Like the semi-volatiles, the alkanes sediment concentrations remain nearly
constant over the entire modeling period, and are negligibly affected by the air exchange rate.
C20 – C30 alkanes are commonly found long-term contaminants in soil and sediment (Ferrario et
al. 1985; McFall et al. 1985). The primary difference between the semi-volatiles and nonvolatiles in this study lies in their predicted concentrations in the gas-phase.
4.6.1.4 Sediment Initial Condition and Air Exchange Rate Analysis

An analysis of the influence of air exchange rate on sediment predicted initial condition is
carried out, and the results are shown in Figure 4.23. The analysis and resulting plot are
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constructed by plotting ln(wA(t)/wA0) vs. dimensionless time, θ, where wA(t) is the model
predicted sediment concentration at time t, and wA0 is the model predicted sediment initial
condition. Theta, the dimensionless time parameter, is given by:

θ=

βt
hs ρ s K SG

(4-26)

where
θ = Dimensionless time
β = Mass transfer coefficient (m day-1)
t = time (day)
hs = Sediment layer thickness (m)
ρs = Sediment density (kg m-3)
KSG = Sediment – gas partition coefficient (m3 kg-1)
As previously discussed, significant changes in sediment concentration from the initial value are
observable only for the volatile species. Thus, the 58 data points clustered at the origin in Figure
4.23 represent the non-volatile and semi-volatile species. Only the aldehyde (nonanal) and the
two benzene derivatives (1-ethyl-2-methyl benzene and trimethyl benzenes) show observable
concentration changes with time. Several important conclusions may be drawn as to the
influence of air exchange rate on sediment predicted initial concentration.
First, the departure of the sediment measured concentration from its predicted initial (day
zero) condition displayed on a log-scale decreases with decreasing chemical volatility. This is
observed by the substantial changes in ln(wA/wA0) values for the benzene derivatives at high and
low air exchange conditions, compared to the relative small differences for nonanal. As the
volatility of a compound decreases, the two ratios at high and low air exchange rate become
closer together, and begin to approach the origin (at which the predicted initial concentration is
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approximately equal to the sediment measured value). Secondly, results for different chemicals
all lie in a similar vicinity to each other at the same air exchange rate. This is observed by the
three individual lines for each chemical lying near the top of the plot at low air exchange rate,
and the three lines near the middle of the plot at high air exchange rate.
Finally, because the high and low air exchange rate solutions all lie in the same area of
the graph for multiple chemicals, a range of measured sediment to estimated sediment initial (t =
0) concentration ratios can be determined for each value of the air exchange rate. For the volatile
species and conditions shown in Figure 4.23, the range of the sediment measured concentration
to initial condition ratios are provided in Table 4.8. Clearly, the widest range of the sediment
ratio exists at the high air exchange rate, where the measured value of the more volatile species is
predicted to be at most 2% of the initial condition.

Figure 4.23 Sediment initial condition and air exchange rate analysis
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Table 4.8 Range of sediment measured concentration to initial condition
Air Exchange Rate
LOW (E = 0.05 ACH)
HIGH (E = 0.3 ACH)

Sediment Ratio (wA/wA0)
0.04 – 0.24
1.2 × 10-6 – 0.02

4.6.2 Gas-Phase
4.6.2.1 Volatiles

Gas-phase concentrations of volatile species, shown in Figure 4.8 previously, mimic the
exponential decay behavior observed for sediment concentrations of VOCs. Concentrations are
greatest in the initial days of the model run, before decaying to below detectable values in 500 or
1000 days for volatiles and aldehydes, respectively. As was previously discussed with the
sediment results, the air exchange rate plays a dominant role in controlling VOC flux at the
sediment-air interface. Gas-phase VOC concentrations are greatest at high air exchange rate, due
to the large driving force for mass transfer from the sediment, and the volatile species’
overwhelming preference for the vapor phase, as demonstrated by their low KSG values in Table
4.2. This suggests a highly variable (transient) flux that rapidly depletes the volatiles in the
sediment bed. Due to their high initial gas-phase concentrations before decaying to lower values,
volatile species in the gas-phase can be expected to serve as a short-term exposure source to
returning residents and first responders. Exposure analyses will be presented in detail in a later
section.
4.6.2.2 Semi-Volatiles

Semi-volatile gas phase predicted concentrations were shown in Figures 4.9 – 4.12.
Unlike the VOCs, semi-volatiles in the gas-phase appear to maintain a steady-state value, and
stay relatively constant over the entire 1500 day modeling time. This suggests a very constant
(steady-state) flux from the sediment bed for semi-volatile compounds. Given that SVOCs were
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not fully depleted from the sediment, there is always a source of SVOCs to supply a flux at the
sediment-air interface into the gas phase. Several SVOCs, including nonanoic acid, DEET, and
phthalic anhydride, are present in significant concentrations in the vapor phase. Because the
model predicts that semi-volatile pollutants maintain a nearly constant gas-phase concentration
over long periods of time, these species can be expected to serve as a long-term exposure source
to returning residents and others working in the region.
It should also be noted that, unlike the VOCs, semi-volatile gas phase concentrations are
predicted to be greater at low air exchange rate, as previously discussed. At high air exchange
rate, SVOCs are swept out of the home very quickly after they enter the vapor phase from the
sediment, and are not able to accumulate in the vapor phase over a long period of time. At low
air exchange rates, air residence time is much greater, and SVOC concentrations are able to
accumulate to a greater degree (higher concentration). This again would imply that for SVOCs,
the flux is likely constant, whereas for volatiles, the sediment-to-air flux is variable and
decreasing.
4.6.2.3 Non-Volatiles

Gas-phase predicted concentrations for the alkanes were not shown, because all
concentrations were below 10-3 µg/m3. This result is not surprising, given the alkanes very high
KSG values, and other studies which have examined the fate of the C20 – C30 alkanes in
contaminated soils and sediments (Hamilton et al. 1984; McFall et al. 1985). Thus, based on the
dry/damp sediment assumption employed in this model, the alkanes appear to be confined to the
sediment phase over both short- and long-term periods of time.
4.6.3 Mold Phases

The reader is again reminded that chemical concentrations in the mold phases were
calculated from equilibrium relationships with the gas-phase predicted species concentrations.
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This treatment is appropriate because the dimensions of the mold phases considered (70 nm thick
films, and up to 20 µm spores) are very small. Caution should be employed before applying the
equilibrium technique to mold phases which are very thick and consequently have significant
mass transfer resistance; doing so may result in calculated concentrations which violate the
overall chemical mass balance.
4.6.3.1 Volatiles

Mold film and spore concentrations of the VOCs were shown in Figure 4.13 and 4.14.
The exponential decay in concentration follows the same trends observed for the sediment and
vapor-phase concentrations of the volatile species. While the volatile species do not have an
overwhelming affinity for the mold phases, as evidenced by their average KMG’s in Table 4.4,
their substantial gas-phase concentrations, especially in the early days and weeks after the
floodwaters have been pumped out of the city, allow for a significant equilibrium partitioning
between the gas and mold phases. As with the gas-phase concentrations of these compounds,
mold film and spore concentrations decrease quickly to below measurable quantities.
4.6.3.2 Semi-Volatiles

Semi volatile pollutant concentrations in the mold film and spores were shown in Figures
4.15 – 4.22. The semi-volatile pollutants generally had KMG values greater than those of the
VOCs, and thus the mold films and spores can become a significant sink for the SVOCs inside
Katrina-flooded homes. Mold phase concentrations, like the gas-phase predicted concentrations
of SVOCs, are shown to reach steady-state levels, and represent a long-term exposure source to
returning residents and recovery workers in the region. Mold concentrations are also significant
because exposure may result by two different pathways: dermal contact with mold films growing
on walls and other goods inside the home, and inhalation contact by breathing mold spores
present in the vapor space inside the home.
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4.6.4 Model Results Context

Before considering the exposure analysis, it is useful to examine how the model predicted
range of concentrations for the sediment and gas phases compare to EPA standards. These
comparisons for four key pollutants, bis (2-ethylhexyl) phthalate, chlordane, dieldrin, and the
trimethyl benzenes, are shown in Figure 4.24. In all four cases, the sediment predicted initial
condition exceeds the EPA sediment screening standard (EPA 2008). Because three of these
pollutants (bis (2-ethylhexyl) phthalate, chlordane, and dieldrin) are semi-volatiles, their
sediment concentrations do not deviate much from the predicted initial concentration over long
periods of time, and these pollutants remain present in elevated concentrations in the sediment
for a period of many years.
Maximum predicted gas phase concentrations of bis (2-ethylhexyl) phthalate and dieldrin
are substantially lower than their corresponding EPA screening standard (EPA 2008).
Chlordane’s maximum predicted gas phase values are slightly greater than its EPA standard,
while the trimethyl benzene concentrations are substantially greater than their EPA standard.
The trimethyl benzenes result is not surprising, given that trimethyl benzenes are a VOC, and
this class of chemicals is lost very quickly to the vapor space inside the home. However the
concentration range shown here, which greatly exceeds ambient air screening standards
demonstrates that indoor trimethyl benzene concentrations may be hazardous in the initial days
and months after Hurricane Katrina floodwaters have been removed. Chlordane, an SVOC, is
likely to maintain the indoor gas-phase concentration near the maximum value for an extended
period of time. Thus, exposure to chlordane in the gas phase may be significant, even several
months after floodwaters have been pumped out, during the clean up and recovery of the many
hundreds of thousands of destroyed homes. A more complete exposure analysis by the dermal
and inhalation pathways to in-home pollutants is presented in the following section.
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4.7 Exposure Analysis and Implications

Once in-home pollutant chemodynamics are understood and model solutions have been
generated, it is desired to know the overall impact to returning residents, first responders, and
recovery workers who will re-enter the flooded homes. Exposure will be examined by two
primary pathways, dermal and inhalation, and on two time-scales. The short-term exposure will
analyze pollutant concentrations across the multiple indoor phases (MIPs) in the first three
months after floodwaters have been pumped out of the city. The long-term exposure

(a)

(b)

(c)

(d)

Figure 4.24 Sediment and gas-phase model results comparison with EPA standards for
(a) Bis (2-ethylhexyl) phthalate, (b) Chlordane, (c) Dieldrin, and (d) Trimethyl benzenes
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investigation will consider pollutant concentrations over the duration of the model analysis, from
one year to just over 4 years (1500 days) after floodwaters have been removed. As many homes
in New Orleans sat undisturbed for a period of weeks to years after Katrina, the exposure
analysis is important in enumerating both short- and long-term implications of contaminated,
flooded homes across the area. It is also important to remind the reader that the exposure
analysis is carried out only for model results at the low air exchange rate of 0.05 ACH. For
reasons previously described, it is believed the in-home pollutant chemodynamics are more
accurately described at the low air exchange rate value than at the high-end value. Therefore, the
exposure analysis subsequently described may be taken as a conservative, but reasonable
estimate.
4.7.1 Dermal Exposure: Sediment and Mold Film

Dermal exposure to in-home pollutants may occur by contact with the sediment or mold
films growing on the walls and other surfaces of the home during recovery and clean up. Shortterm dermal exposure levels for homes 1 and 2 are presented in Tables 4.9 – 4.12.
Several compounds show appreciable concentrations in the mold films, even over the
course of the first week in which homes are available for residents and first responders to return.
In home 1, bis (2-ethylhexyl) phthalate, oleic acid, chlordane, diethyltoluamide, fluoranthene, the
trimethyl benzenes, and 1-ethyl-2-methyl benzene all show substantial concentrations in the
mold films. In home 2, phthalic anhydride, nonanoic acid, oleic acid, diethyltoluamide, and
fluoranthene demonstrate significant mold film concentrations. Therefore, dermal contact with
the mold films while trying to recover artifacts from the home or begin the clean-up process may
result in exposure to high concentrations of several hazardous chemicals.
As expected, however, the majority of chemical mass is still within the sediments over
the initial days and months after floodwaters are pumped out, and contact with sediments is
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expected to be the primary exposure route for a wide variety of classes of chemical pollutants.
With the exception of the volatile benzene derivatives in home 1, all other compounds are semivolatiles, and their concentrations in the mold film and sediments remain nearly constant over
the first three months of the analysis. This result implies that even residents or recovery workers
who do not immediately return to their homes may still be exposed to these pollutants in elevated
concentrations in the mold films several months later.
Long term dermal exposure analyses for homes 1 and 2 are shown in Tables 4.13 and
4.14. The most significant change from short-term to long-term impacts lies in the loss of the
volatiles from the sediments of home 1, and loss of the aldehyde from the sediments of home 2.
After 365 days, the volatiles in home 1 are nearly depleted from the sediment, and after 913
days, the aldehyde nonanal has nearly disappeared from the sediments in home 2. The sediment
contaminants that remain from 365 – 1500 days are the semi-volatile and non-volatile
contaminants described earlier. In the mold films, long-term impacts are nearly identical to
short-term impacts, with the exception of the loss of volatiles in home 1. While the
concentrations of the semi-volatile pollutants described previously in the mold films do show a
slight decrease from 365 – 1500 days, all contaminants previously identified as significant
remain present in the mold films at elevated concentrations. On a long-term basis, the sediment
and mold film contaminants also pose a disposal problem, as sediment and mold-laden drywall
are thrown out and disposed of with other post-hurricane debris. Because this analysis has
shown the sediments and mold films to still contain a significant contaminant loading, even after
several years have elapsed since the storm, discussion of disposal of contaminated debris should
be undertaken in order to better prepare for future urban flooding events where large-scale
disposal of pollutant-laden sediment and mold-contaminated waste may be necessary. In both
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Table 4.9 Home 1 dermal exposure assessment: first week
1 Day
Chemical

7 Days

Sediment
(mg/kg)

Mold Film
(mg/kg)

Sediment
(mg/kg)

Mold Film
(mg/kg)

Alkanes
Docosane

6.0

1.75 × 10-3

6.0

1.75 × 10-3

Eicosane

11.5

6.68 × 10-3

11.5

6.68 × 10-3

Heptadecane

3.6

1.52 × 10-3

3.6

1.52 × 10-3

Hexacosane

53.7

1.00 × 10-2

53.7

1.00 × 10-2

Nonacosane

375.7

1.60 × 10-2

375.7

1.60 × 10-2

Octacosane

180.7

7.61 × 10-3

180.7

7.61 × 10-3

Pentacosane

6.5

1.17 × 10-3

6.5

1.17 × 10-3

Tetracosane

114.3

2.40 × 10-2

114.3

2.40 × 10-2

Triacontane

1790

1.70 × 10-2

1790

1.70 × 10-2

Tricosane

13.0

8.30 × 10-2

13.0

8.30 × 10-2

Esters
Bis (2-ethylhexyl) phthalate

173

695

173

699

Diethyl phthalate

14.5

1.10

14.5

1.10

Organic Acids
Oleic Acid

365

484

365

484

Pesticides
Chlordane

306

13.7

306

13.7

Dieldrin

3.2

6.08 × 10-3

3.2

6.08 × 10-3

Diethyltoluamide (DEET)

24.3

19.5

24.3

19.6

PAH
Fluoranthene

38.6

5.66

38.6

5.62

Volatiles
Trimethyl benzenes

96.1

11.4

85.6

10.1

1-ethyl-2-methyl benzene

196.5

26.5

177.1

23.9
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Table 4.10 Home 1 dermal exposure: one to three months
30 Days
Chemical

90 Days

Sediment
(mg/kg)

Mold Film
(mg/kg)

Sediment
(mg/kg)

Mold Film
(mg/kg)

Alkanes
Docosane

6.0

1.75 × 10-3

6.0

1.75 × 10-3

Eicosane

11.5

6.68 × 10-3

11.5

6.68 × 10-3

Heptadecane

3.6

1.52 × 10-3

3.6

1.52 × 10-3

Hexacosane

53.7

1.00 × 10-2

53.7

1.00 × 10-2

Nonacosane

375.7

1.60 × 10-2

375.7

1.60 × 10-2

Octacosane

180.7

7.61 × 10-3

180.7

7.61 × 10-3

Pentacosane

6.5

1.17 × 10-3

6.5

1.17 × 10-3

Tetracosane

114.3

2.40 × 10-2

114.3

2.40 × 10-2

Triacontane

1790

1.70 × 10-2

1790

1.70 × 10-2

Tricosane

13

8.30 × 10-2

13.0

8.30 × 10-2

Esters
Bis (2-ethylhexyl) phthalate

173

701

173

701

Diethyl phthalate

14.5

1.10

14.5

1.10

Organic Acids
Oleic Acid

365

484

365

484

Pesticides
Chlordane

306

13.7

306

13.7

Dieldrin

3.2

6.08 × 10-3

3.2

6.08 × 10-3

Diethyltoluamide (DEET)

24.3

19.6

24.3

19.6

PAH
Fluoranthene

38.6

5.62

38.6

5.62

Volatiles
Trimethyl benzenes

54.9

6.5

17.3

2.0

1-ethyl-2-methyl benzene

118.9

16.0

42.0

5.7
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Table 4.11 Home 2 dermal exposure: first week
1 Day
Chemical

7 Days

Sediment
(mg/kg)

Mold Film
(mg/kg)

Sediment
(mg/kg)

Mold Film
(mg/kg)

Alkanes
Eicosane

6.1

3.09 × 10-3

6.1

3.09 × 10-3

Heptadecane

2.6

9.38 × 10-4

2.6

9.39 × 10-4

Hexacosane

45.5

7.21 × 10-3

45.5

7.21 × 10-3

Nonacosane

446

1.60 × 10-2

446

1.60 × 10-2

Octacosane

107

3.86 × 10-3

107

3.86 × 10-3

Tetracosane

40.6

7.35 × 10-3

40.6

7.35 × 10-3

Triacontane

1680

1.40 × 10-2

1680

1.40 × 10-2

Aldehydes
Nonanal

34.8

2.70

33.6

2.61

Esters
Phthalic anhydride

319

24.6

319

24.6

Organic Acids
Nonanoic Acid

3040

1030

3040

1029

Oleic Acid

751

851

751

852

Pesticides
Diethyltoluamide (DEET)

12.5

10.1

12.5

10.1

PAH
Fluoranthene

50.3

6.25

50.3

6.27
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Table 4.12 Home 2 dermal exposure: one to three months
30 Days
Chemical

90 Days

Sediment
(mg/kg)

Mold Film
(mg/kg)

Sediment
(mg/kg)

Mold Film
(mg/kg)

Alkanes
Eicosane

6.1

3.09 × 10-3

6.1

3.09 × 10-3

Heptadecane

2.6

9.39 × 10-4

2.6

9.39 × 10-4

Hexacosane

45.5

7.21 × 10-3

45.5

7.21 × 10-3

Nonacosane

446

1.60 × 10-2

446

1.60 × 10-2

Octacosane

107

3.86 × 10-3

107

3.86 × 10-3

Tetracosane

40.6

7.35 × 10-3

40.6

7.35 × 10-3

Triacontane

1680

1.40 × 10-4

1680

1.40 × 10-4

Aldehydes
Nonanal

29.4

2.29

20.7

1.61

Esters
Phthalic anhydride

319

24.6

319

24.6

Organic Acids
Nonanoic Acid

3039

1029

3037

1028

Oleic Acid

751

852

751

852

Pesticides
Diethyltoluamide (DEET)

12.5

10.1

12.5

10.1

PAH
Fluoranthene

50.3

6.27

50.3

6.27
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Table 4.13 Home 1 dermal exposure: long-term
365 Days
Chemical

913 Days

1500 Days

Sediment
(mg/kg)

Mold Film
(mg/kg)

Sediment
(mg/kg)

Mold Film
(mg/kg)

Sediment
(mg/kg)

Mold Film
(mg/kg)

Alkanes
Docosane

6.0

1.75 × 10-3

6.0

1.75 × 10-3

6.0

1.75 × 10-3

Eicosane

11.5

6.68 × 10-3

11.5

6.68 × 10-3

11.5

6.68 × 10-3

Heptadecane

3.6

1.52 × 10-3

3.6

1.52 × 10-3

3.6

1.51 × 10-3

Hexacosane

53.7

1.00 × 10-2

53.7

1.00 × 10-2

53.7

1.00 × 10-2

Nonacosane

375.7

1.60 × 10-2

375.7

1.60 × 10-2

375.7

1.60 × 10-2

Octacosane

180.7

7.61 × 10-3

180.7

7.61 × 10-3

180.7

7.61 × 10-3

Pentacosane

6.5

1.17 × 10-3

6.5

1.17 × 10-3

6.5

1.17 × 10-3

Tetracosane

114.3

2.40 × 10-2

114.3

2.40 × 10-2

114.3

2.40 × 10-2

Triacontane

1790

1.70 × 10-2

1790

1.70 × 10-2

1790

1.70 × 10-2

Tricosane

13

8.30 × 10-2

13.0

8.30 × 10-2

13.0

8.30 × 10-2

Esters
Bis (2-ethylhexyl) phthalate

173

701

173

701

173

701

Diethyl phthalate

14.4

1.10

14.3

1.09

14.2

1.08

Organic Acids
Oleic Acid

365

484

365

484

365

484

Pesticides
Chlordane

306

13.7

306

13.7

306

13.7

Dieldrin

3.2

6.08 × 10-3

3.2

6.08 × 10-3

3.2

6.08 × 10-3

Diethyltoluamide (DEET)

24.2

19.5

24.0

19.4

23.9

19.2

PAH
Fluoranthene

38.6

5.62

38.6

5.62

38.6

5.61

Volatiles
Trimethyl benzenes

0.09

0.01

--

--

--

--

1-ethyl-2-methyl benzene

0.36

0.05

--

--

--

--
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Table 4.14 Home 2 dermal exposure: long-term
365 Days
Chemical

913 Days

1500 Days

Sediment
(mg/kg)

Mold Film
(mg/kg)

Sediment
(mg/kg)

Mold Film
(mg/kg)

Sediment
(mg/kg)

Mold Film
(mg/kg)

Alkanes
Eicosane

6.1

3.09 × 10-3

6.1

3.09 × 10-3

6.1

3.09 × 10-3

Heptadecane

2.6

9.38 × 10-4

2.6

9.36 × 10-4

2.6

9.34 × 10-4

Hexacosane

45.5

7.21 × 10-3

45.5

7.21 × 10-3

45.5

7.21 × 10-3

Nonacosane

446

1.60 × 10-2

446

1.60 × 10-2

446

1.60 × 10-2

Octacosane

107

3.86 × 10-3

107

3.86 × 10-3

107

3.86 × 10-3

Tetracosane

40.6

7.35 × 10-3

40.6

7.35 × 10-3

40.6

7.35 × 10-3

Triacontane

1680

1.40 × 10-4

1680

1.40 × 10-4

1680

1.40 × 10-4

Aldehydes
Nonanal

4.2

0.33

0.17

0.01

--

--

Esters
Phthalic anhydride

319

24.6

318

24.5

318

24.5

Organic Acids
Nonanoic Acid

3026

1025

3005

1017

2983

1010

Oleic Acid

751

852

751

852

750

851

Pesticides
Diethyltoluamide (DEET)

12.4

10.1

12.4

9.9

12.3

9.9

PAH
Fluoranthene

50.3

6.27

50.3

6.27

50.3

6.27
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the short- and long-term, contaminated sediment and mold films appear to be a significant source
of exposure to hazardous chemicals by dermal contact.
Because concentrations of semi-volatile contaminants decrease very little in either phase
over a period of days to several years, the time of re-entry does not appear to significantly affect
dermal exposure. Even residents or recovery personnel working inside the homes years later
may still be exposed to the same pollutants at nearly the same concentrations as first responders
or others who re-entered the homes immediately following evacuation of the floodwaters. These
results demonstrate that proper application of personal protective equipment, such as gloves,
body suits, and safety goggles, are just as important years after the storm as they are in the first
week.
4.7.2 Inhalation Exposure: Gas-Phase and Mold Spores

Short-term inhalation exposure analysis for homes 1 and 2 is presented in Tables 4.15 –
4.18. In home 1, the gas-phase exposure is dominated by the volatile benzene derivatives,
trimethyl benzenes and 1-ethyl-2-methyl benzene, as expected. These concentrations decrease
significantly with time, but are still highly elevated for three months. In home 2, the gas-phase is
dominated by the aldehyde nonanal and nonanoic acid, and concentrations remain elevated for
several months. On the mold spores in home 1, significant loadings of bis (2-ethylhexyl
phthalate) and oleic acid are observed, whereas for home 2, nonanoic acid and oleic acid are very
highly concentrated on mold spores. Whereas gas-phase concentrations of volatiles and
aldehydes decrease significantly over the first three months, mold spore loadings remain nearly
constant over the same time period. Persons who re-enter the home immediately after
floodwaters had been pumped out can be exposed to substantial concentrations of volatile
chemicals in the gas-phase, and to semi-volatile species on the mold spores. The more time
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which elapses without entering the flooded homes significantly reduces the gas-phase exposure,
but inhalation of mold spores remains significant even several months later.
Long-term inhalation exposure analysis for homes 1 and 2 is presented in Tables 4.19 and
4.20. After 365 days, volatiles in the gas-phase of home 1 begin to disappear, and after 913
days, nonanal in the vapor phase of home 2 is nearly depleted. Semi-volatiles identified in the
short-term analyses as being concentrated on mold spore aerosol are still significant, and
maintain nearly steady-state concentrations from 365 – 1500 days.
After one year, exposure to chemicals in the vapor phase does not appear to be
significant. However, inhalation of mold spores may still result in exposure to large quantities of
organic acids and phthalates. Mold spore inhalation is important, because the primary type of
mask returning residents and recovery workers were instructed to wear after Katrina, the N-95,
has been shown to be ineffective against mold spores (Chew et al. 2006).
Consideration of the inhalation exposure route, in addition to the dermal route, is
important to provide an overall analysis of the two primary pathways by which persons working
inside the flooded homes may be exposed to hazardous chemicals. The major significance of the
inhalation exposure route is the implication that persons can be exposed to chemicals in the gasphase or by mold spore aerosol inside the home without physically touching or having any
contact with the home or contaminated sediment. Based on the aforementioned analysis, the
inhalation pathway is especially important in the early days and weeks after floodwaters have
receded, when concentrations of volatile species and aldehydes are extremely high in the vapor
phase inside flooded homes.
4.7.3 Transient Mass Distribution

In addition to the specific chemicals discussed, it is also useful to examine how the
distribution of pollutant classes in each phase changes with time. Such a broad view can provide
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Table 4.15 Home 1 inhalation exposure assessment: first week
1 Day
Chemical

7 Days

Gas Phase
(µg/m3)

Mold Spores
(ng/m3)

Gas Phase
(µg/m3)

Mold Spores
(ng/m3)

Alkanes
Docosane

1.58 × 10-4

1.45 × 10-5

1.58 × 10-4

1.45 × 10-5

Eicosane

3.36 × 10-3

5.54 × 10-5

3.36 × 10-3

5.55 × 10-5

Heptadecane

9.60 × 10-3

1.26 × 10-5

9.62 × 10-3

1.26 × 10-5

Hexacosane

3.07 × 10-5

8.26 × 10-5

3.07 × 10-5

8.26 × 10-5

Nonacosane

3.94 × 10-6

1.34 × 10-4

3.94 × 10-6

1.34 × 10-4

Octacosane

4.33 × 10-6

6.32 × 10-5

4.33 × 10-6

6.32 × 10-5

Pentacosane

8.36 × 10-6

9.67 × 10-6

8.36 × 10-6

9.67 × 10-6

Tetracosane

4.04 × 10-4

2.01 × 10-4

4.04 × 10-4

2.01 × 10-4

Triacontane

1.79 × 10-6

1.42 × 10-4

1.79 × 10-6

1.42 × 10-4

Tricosane

3.22 × 10-3

6.88 × 10-4

3.22 × 10-3

6.88 × 10-4

Esters
Bis (2-ethylhexyl) phthalate

4.81 × 10-4

5.77

4.83 × 10-4

5.80

Diethyl phthalate

0.21

9.11 × 10-3

0.21

9.14 × 10-3

Organic Acids
Oleic Acid

0.04

4.02

0.04

4.02

Pesticides
Chlordane

0.03

0.11

0.03

0.11

8.86 × 10-5

5.04 × 10-5

8.86 × 10-5

5.04 × 10-5

Diethyltoluamide (DEET)

0.22

0.16

0.22

0.16

PAH
Fluoranthene

0.02

0.05

0.02

0.05

Volatiles
Trimethyl benzenes

1344

0.09

1197

0.08

1-ethyl-2-methyl benzene

3479

0.22

3136

0.20

Dieldrin
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Table 4.16 Home 1 inhalation exposure: one to three months
30 Days
Chemical

90 Days

Gas Phase
(µg/m3)

Mold Spores
(ng/m3)

Gas Phase
(µg/m3)

Mold Spores
(ng/m3)

Alkanes
Docosane

1.58 × 10-4

1.45 × 10-5

1.58 × 10-4

1.45 × 10-5

Eicosane

3.36 × 10-3

5.55 × 10-5

3.36 × 10-3

5.55 × 10-5

Heptadecane

9.61 × 10-3

1.26 × 10-5

9.61 × 10-3

1.26 × 10-5

Hexacosane

3.07 × 10-5

8.26 × 10-5

3.07 × 10-5

8.26 × 10-5

Nonacosane

3.94 × 10-6

1.34 × 10-4

3.94 × 10-6

1.34 × 10-4

Octacosane

4.33 × 10-6

6.32 × 10-5

4.33 × 10-6

6.32 × 10-5

Pentacosane

8.36 × 10-6

9.67 × 10-6

8.36 × 10-6

9.67 × 10-6

Tetracosane

4.04 × 10-4

2.01 × 10-4

4.04 × 10-4

2.01 × 10-4

Triacontane

1.79 × 10-6

1.42 × 10-4

1.79 × 10-6

1.42 × 10-4

Tricosane

3.22 × 10-3

6.88 × 10-4

3.22 × 10-3

6.88 × 10-4

Esters
Bis (2-ethylhexyl) phthalate

4.85 × 10-4

5.82

4.85 × 10-4

5.82

Diethyl phthalate

0.21

9.14 × 10-3

0.21

9.13 × 10-3

Organic Acids
Oleic Acid

0.04

4.02

0.04

4.02

Pesticides
Chlordane

0.03

0.11

0.03

0.11

8.86 × 10-5

5.04 × 10-5

8.86 × 10-5

5.04 × 10-5

Diethyltoluamide (DEET)

0.22

0.16

0.22

0.16

PAH
Fluoranthene

0.02

0.05

0.02

0.05

Volatiles
Trimethyl benzenes

768

0.05

241

0.02

1-ethyl-2-methyl benzene

2105

0.13

744

0.05

Dieldrin
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Table 4.17 Home 2 inhalation exposure: first week
1 Day
Chemical

7 Days

Gas Phase
(µg/m3)

Mold Spores
(ng/m3)

Gas Phase
(µg/m3)

Mold Spores
(ng/m3)

Alkanes
Eicosane

1.55 × 10-3

2.56 × 10-5

1.55 × 10-3

2.56 × 10-5

Heptadecane

5.93 × 10-3

7.79 × 10-6

5.94 × 10-3

7.80 × 10-6

Hexacosane

2.22 × 10-5

5.98 × 10-5

2.22 × 10-5

5.98 × 10-5

Nonacosane

4.00 × 10-6

1.36 × 10-4

4.00 × 10-6

1.36 × 10-4

Octacosane

2.19 × 10-6

3.20 × 10-5

2.19 × 10-6

3.20 × 10-5

Tetracosane

1.23 × 10-4

6.10 × 10-5

1.23 × 10-4

6.10 × 10-5

Triacontane

1.44 × 10-6

1.14 × 10-4

1.44 × 10-6

1.14 × 10-4

Aldehydes
Nonanal

85.7

0.02

82.8

0.02

Esters
Phthalic anhydride

0.81

0.20

0.81

0.20

Organic Acids
Nonanoic Acid

36.0

8.51

36.2

8.54

Oleic Acid

0.07

7.06

0.07

7.07

Pesticides
Diethyltoluamide (DEET)

0.11

0.08

0.11

0.08

PAH
Fluoranthene

0.02

0.05

0.02

0.05
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Table 4.18 Home 2 inhalation exposure: one to three months
30 Days
Chemical

90 Days

Gas Phase
(µg/m3)

Mold Spores
(ng/m3)

Gas Phase
(µg/m3)

Mold Spores
(ng/m3)

Alkanes
Eicosane

1.55 × 10-3

2.56 × 10-5

1.55 × 10-3

2.56 × 10-5

Heptadecane

5.94 × 10-3

7.79 × 10-6

5.94 × 10-3

7.79 × 10-6

Hexacosane

2.22 × 10-5

5.98 × 10-5

2.22 × 10-5

5.98 × 10-5

Nonacosane

4.00 × 10-6

1.36 × 10-4

4.00 × 10-6

1.36 × 10-4

Octacosane

2.19 × 10-6

3.20 × 10-5

2.19 × 10-6

3.20 × 10-5

Tetracosane

1.23 × 10-4

6.10 × 10-5

1.23 × 10-4

6.10 × 10-5

Triacontane

1.44 × 10-6

1.14 × 10-4

1.44 × 10-6

1.14 × 10-4

Aldehydes
Nonanal

72.4

0.02

51.1

0.01

Esters
Phthalic anhydride

0.81

0.20

0.81

0.20

Organic Acids
Nonanoic Acid

36.2

8.54

36.1

8.53

Oleic Acid

0.07

7.07

0.07

7.07

Pesticides
Diethyltoluamide (DEET)

0.11

0.08

0.11

0.08

PAH
Fluoranthene

0.02

0.05

0.02

0.05
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Table 4.19 Home 1 inhalation exposure: long-term
365 Days
Chemical

913 Days

1500 Days

Gas
Phase
(µg/m3)

Mold
Spores
(ng/m3)

Gas
Phase
(µg/m3)

Mold
Spores
(ng/m3)

Gas
Phase
(µg/m3)

Mold
Spores
(ng/m3)

Alkanes
Docosane

1.58 × 10-4

1.45 × 10-5

1.58 × 10-4

1.45 × 10-5

1.58 × 10-4

1.45 × 10-5

Eicosane

3.36 × 10-3

5.54 × 10-5

3.35 × 10-3

5.54 × 10-5

3.35 × 10-3

5.54 × 10-5

Heptadecane

9.60 × 10-3

1.26 × 10-5

9.58 × 10-3

1.26 × 10-5

9.56 × 10-3

1.26 × 10-5

Hexacosane

3.07 × 10-5

8.26 × 10-5

3.07 × 10-5

8.26 × 10-5

3.07 × 10-5

8.26 × 10-5

Nonacosane

3.94 × 10-6

1.34 × 10-4

3.94 × 10-6

1.34 × 10-4

3.94 × 10-6

1.34 × 10-4

Octacosane

4.33 × 10-6

6.32 × 10-5

4.33 × 10-6

6.32 × 10-5

4.33 × 10-6

6.32 × 10-5

Pentacosane

8.36 × 10-6

9.67 × 10-6

8.36 × 10-6

9.67 × 10-6

8.36 × 10-6

9.67 × 10-6

Tetracosane

4.04 × 10-4

2.01 × 10-4

4.04 × 10-4

2.01 × 10-4

4.04 × 10-4

2.01 × 10-4

Triacontane

1.79 × 10-6

1.42 × 10-4

1.79 × 10-6

1.42 × 10-4

1.79 × 10-6

1.42 × 10-4

Tricosane

3.22 × 10-3

6.88 × 10-4

3.22 × 10-3

6.87 × 10-4

3.22 × 10-3

6.87 × 10-4

Esters
Bis (2-ethylhexyl) phthalate

4.85 × 10-4

5.82

4.85 × 10-4

5.82

4.85 × 10-4

5.82

Diethyl phthalate

0.21

9.10 × 10-3

0.20

9.04 × 10-3

0.20

8.97 × 10-3

Organic Acids
Oleic Acid

0.04

4.02

0.04

4.02

0.04

4.02

Pesticides
Chlordane

0.03

0.11

0.03

0.11

0.03

0.11

8.86 × 10-5

5.04 × 10-5

8.86 × 10-5

5.04 × 10-5

8.86 × 10-5

5.04 × 10-5

Diethyltoluamide (DEET)

0.22

0.16

0.21

0.16

0.21

0.16

PAH
Fluoranthene

0.02

0.05

0.02

0.05

0.02

0.05

Volatiles
Trimethyl benzenes

1.20

8.40 × 10-5

--

--

--

--

1-ethyl-2-methyl benzene

6.34

4.01 × 10-4

--

--

--

--

Dieldrin
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Table 4.20 Home 2 inhalation exposure: long-term
365 Days
Chemical

913 Days

1500 Days

Gas
Phase
(µg/m3)

Mold
Spores
(ng/m3)

Gas
Phase
(µg/m3)

Mold
Spores
(ng/m3)

Gas
Phase
(µg/m3)

Mold
Spores
(ng/m3)

Alkanes
Eicosane

1.55 × 10-3

2.56 × 10-5

1.55 × 10-3

2.56 × 10-5

1.55 × 10-3

2.56 × 10-5

Heptadecane

5.93 × 10-3

7.79 × 10-6

5.92 × 10-3

7.77 × 10-6

5.91 × 10-3

7.76 × 10-6

Hexacosane

2.22 × 10-5

5.98 × 10-5

2.22 × 10-5

5.98 × 10-5

2.22 × 10-5

5.98 × 10-5

Nonacosane

4.00 × 10-6

1.36 × 10-4

4.00 × 10-6

1.36 × 10-4

4.00 × 10-6

1.36 × 10-4

Octacosane

2.19 × 10-6

3.20 × 10-5

2.19 × 10-6

3.20 × 10-5

2.19 × 10-6

3.20 × 10-5

Tetracosane

1.23 × 10-4

6.10 × 10-5

1.23 × 10-4

6.10 × 10-5

1.23 × 10-4

6.10 × 10-5

Triacontane

1.44 × 10-6

1.14 × 10-4

1.44 × 10-6

1.14 × 10-4

1.44 × 10-6

1.14 × 10-4

Aldehydes
Nonanal

10.3

2.71 × 10-3

0.43

1.12 × 10-4

--

--

Esters
Phthalic anhydride

0.81

0.20

0.81

0.20

0.81

0.20

Organic Acids
Nonanoic Acid

36.0

8.50

35.8

8.45

35.5

8.38

Oleic Acid

0.07

7.07

0.07

7.07

0.07

7.07

Pesticides
Diethyltoluamide (DEET)

0.11

0.08

0.11

0.08

0.11

0.08

PAH
Fluoranthene

0.02

0.05

0.02

0.05

0.02

0.05

158

key information as to classes of chemicals which may be particularly problematic in each phase
over specific time intervals. This information is particularly useful to regulatory agencies and
policymakers, and can aid in preparing appropriate responses to future urban flood situations. A
mass balance was constructed for each phase, based on the calculated chemical concentrations at
the same conditions and time intervals used in the exposure analysis, to generate the overall mass
distribution for each phase at each time interval. Results are discussed below, and are shown as
pie graphs in Figures 4.25 – 4.36.
4.7.3.1 Sediment

The sediment mass distributions for homes 1 and 2 are shown in Figures 4.25 – 4.28, for
both short- and long-term intervals. At all times, the sediment mass is dominated by the
alkanes and organic acids, and the overall distributions change negligibly over the entire 1500
day period. The only observable change in sediment mass distribution is the loss of the volatile
species in home 1 over the first year.
4.7.3.2 Gas-Phase

The mass distributions in the vapor phase for both homes are shown in Figures 4.29 –
4.32. Clearly, more drastic changes are observed in the vapor phase distributions than were seen
in the sediment. In the short-term, the vapor phase in home 1 is completely dominated by the
volatiles, whereas home 2 is divided among the aldehydes and organic acids. As the volatiles in
home 1 are depleted from the sediment and are swept out of the vapor phase, the long-term
distribution begins to change. In home 1, the pesticides, esters, and organic acids all contribute
significantly to the contaminant mass in the gas phase over long periods of time. In home 2,
organic acids assume the dominant contribution to the vapor phase contaminant mass as the
aldehydes are depleted from the sediment and lost from the gas phase. As was previously
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(a)

(b)

(c)

(d)

Figure 4.25 Home 1 sediment mass distributions: short-term including (a) 1 day, (b) 7 days,
(c) 30 days, and (d) 90 days
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(a)

(b)

(c)
Figure 4.26 Home 1 sediment mass distributions: long-term including (a) 365 days,
(b) 913 days, and (c) 1500 days

161

(a)

(b)

(c)

(d)

Figure 4.27 Home 2 sediment mass distributions: short-term including (a) 1 day, (b) 7 days,
(c) 30 days, and (d) 90 days
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(a)

(b)

(c)
Figure 4.28 Home 2 sediment mass distributions: long-term including (a) 365 days,
(b) 913 days, and (c) 1500 days
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Figure 4.29 Home 1 vapor phase mass distributions: short-term including (a) 1 day, (b) 7 days,
(c) 30 days, and (d) 90 days
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Figure 4.30 Home 1 vapor phase mass distributions: long-term including (a) 365 days,
(b) 913 days, and (c) 1500 days
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Figure 4.31 Home 2 vapor phase mass distributions: short-term including (a) 1 day, (b) 7 days,
(c) 30 days, and (d) 90 days
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Figure 4.32 Home 2 vapor phase mass distributions: long-term including (a) 365 days,
(b) 913 days, and (c) 1500 days
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described with the exposure assessment, the gas-phase chemical distribution undergoes
significant changes over time, and is an important exposure source for hazardous chemicals in
both the short- and long-term.
4.7.3.3 Mold Phases

The mold phase mass distributions are shown in Figures 4.33 – 4.36. Similar to the
sediment distributions, the mold mass distributions change very little over time. In home 1, the
organic acids and esters are the dominant contaminants in the mold, with pesticides, volatiles,
and PAH contributing the balance. As with the sediment, the only noticeable change to the mold
distribution in home 1 is the loss of volatiles after about 1 year. In home 2, the mold phase is
dominated by organic acids, and remains so over the entire short- and long-term period
considered. The mass distribution reiterates one of the major conclusions from the exposure
analysis, that the mold phase is a significant phase for both the organic acids and esters, and
remains highly contaminated for a period of several days to several years following removal of
the floodwaters from the city.
4.8 Temperature Perturbation Effects

A temperature perturbation was carried out for the volatiles, semi-volatiles, and nonvolatiles in order to determine the effect of temperature on model results. The chemodynamic
model presented here is an isothermal model, yet it is understood that conditions inside the
homes will not remain isothermal over the days, weeks, months, and years of interest. Ambient
daily temperature data for the New Orleans area was obtained from the National Oceanic and
Atmospheric Administration (NOAA) database for a three-year period, beginning two weeks
after Katrina’s landfall (NOAA). The average temperature over this time was found to be 294 K,
with a standard deviation of about 6 K. The temperature at the upper standard deviation limit is
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Figure 4.33 Home 1 mold mass distributions: short-term including (a) 1 day, (b) 7 days,
(c) 30 days, and (d) 90 days
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Figure 4.34 Home 1 mold mass distributions: long-term including (a) 365 days,
(b) 913 days, and (c) 1500 days
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Figure 4.35 Home 2 mold mass distributions: short-term including (a) 1 day, (b) 7 days,
(c) 30 days, and (d) 90 days
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Figure 4.36 Home 2 mold mass distributions: long-term including (a) 365 days,
(b) 913 days, and (c) 1500 days
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301 K. Because the original model simulation was carried out at 298 K, we chose not to repeat
the calculation at 301 K. The temperature at the lower standard deviation limit is 286 K. To
obtain the maximum percent deviation in calculated results over the temperature range, one
compound representative of each major class was selected, and the model was run for these
compounds at the lower temperature limit. The selected chemicals were trimethyl benzenes
(volatiles), diethyltoluamide (semi-volatiles), and pentacosane (non-volatiles). For each of these
species, the saturated vapor pressure (Psat), sediment – gas partition coefficient (KSG), and mass
transfer coefficient (β) were re-calculated at the low temperature limit.
4.8.1 Volatiles

The maximum deviation in model results was observed for the volatiles. This is
consistent with expectations, given that the saturated vapor pressure and partitioning behavior of
the volatiles is extremely temperature sensitive. For the sediment, the percent difference in
calculated results between the original solution (at 298 K) and the low temperature solution (at
286 K) is up to 100% at high air exchange rate, and 82% at low air exchange rate, with the
predicted sediment concentrations lower at low temperature. Deviations greater than 100% are
predicted at extremely low sediment concentrations, but the values are below quantifiable
detection limits and are not considered significant.
In the vapor-phase, model solutions at low temperature differ from the original solution
by 100% and 91%, at high and low air exchange rates, respectively. Again, greater differences
are observed at calculated concentrations which would be below any measurable values, and are
not deemed significant. Gas-phase predicted concentrations also decrease with decreasing
temperature. Identical trends are observed for the mold phases as the gas-phase, since mold
concentrations are calculated from equilibrium relationships based on the vapor phase
concentrations.
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Because volatiles are the compound class most sensitive to temperature fluctuations,
these results should be interpreted with the greatest amount of uncertainty. While the same
trends are observed at the low temperature limit as were previously described for the original
solution, it has been shown that the individual calculated phase concentrations may differ greatly
over a temperature difference of only 12 K.
4.8.2 Semi-Volatiles

Semi-volatile predicted concentrations do not change as dramatically with temperature as
those observed for volatiles. For semi-volatile sediment concentrations, maximum deviations
range from 3% to less than 1%, at high and low air exchange rates, respectively. Semi-volatile
vapor pressures and partition coefficients are not nearly as temperature sensitive as those of the
volatiles, and thus only very small changes in predicted sediment concentrations are observed
with changing temperature.
Vapor- and mold phase predicted concentration differences for the semi-volatiles are also
significantly more consistent than was observed for the volatiles. At both high and low air
exchange rate, the model solutions at the low temperature limit differ from 53 – 54 % across the
entire 1500 day range of calculated results. Again, concentrations in the vapor and mold phases
are lower at low temperature. This also implies that the winter months may be the best time in
which to conduct major clean-up and restoration activities inside homes, to minimize exposure to
semi-volatile pollutants in both the gas and mold phases.
4.8.3 Non-Volatiles

Non-volatile results show no appreciable differences in sediment concentration at the low
temperature limit. Because non-volatile species like the alkanes have extremely low vapor
pressures, they are almost completely insensitive to temperature and are not expected to show
any significant differences in behavior over the temperature range evaluated here. Vapor-phase
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predicted concentrations do show some deviation, however results for both the low temperature
limit and the original solution are substantially lower than any detectable quantities in the gasphase.
4.9 Comparison of the Unsteady-State Model and Thermodynamic Equilibrium Model

Before concluding, it is useful to examine the similarities and utility of both the current,
unsteady-state model, and the thermodynamic equilibrium model described in the previous
chapter. The equilibrium model results are taken at a single “snapshot” in time, at the time in
which the sediment inside each of the two homes was sampled. It therefore represents a
distribution of pollutants only at a single moment, for homes which were assumed to be
completely sealed with all phases in equilibrium. The equilibrium model was also representative
of a worst-case, saturated sediment condition inside each home. Nevertheless, several important
comparisons and conclusions can be drawn.
The mass distribution of chemicals in the sediment, shown in Figure 3.2 for the
equilibrium model, is very similar to those of the unsteady-state model; see Figures 4.25 – 4.28.
The greatest difference lies in the depletion of the volatiles from the sediment, which shifts the
overall chemical mass distribution towards semi-volatile and non-volatile species as time
progresses. The sediment, which entered the homes with Katrina floodwaters and which remains
behind once those waters have been pumped out of the city, is the source of all chemical
pollutants inside flood-damaged homes. Given the quantity of semi-volatile and non-volatile
pollutants which were detected in the sediments, these chemicals have very low vapor pressures,
and thus have strong affinities for the sediment regardless of the moisture conditions present
(Ashley et al. 2008a). This is a key consequence of the winnowing/fractionation process which
concentrates fine particles inside Katrina-flooded homes. Because of the high specific surface
area, number of adsorption sites, and natural organic matter content associated with the fine
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particle fraction, semi-volatile and non-volatile sediment contaminants are more strongly
retained by these particles than would be expected if coarser material dominated the particle size
distribution. In this sense, the particle filtration process is both a blessing and a curse; it
introduces a variety of chemical contaminants to homes which must be dealt with after
floodwaters have been removed, but the substantial majority of the mass of semi-volatile and
non-volatile pollutants remain in the sediment and are not transported to the other in-home
phases.
In the vapor and mold phases, more drastic differences are observed between the
equilibrium model predicted results and the unsteady-state model results. These differences lie
largely in the manner in which the sediment-to-air transport is handled in each model. In the
equilibrium approach, instantaneous chemical partitioning between wet sediment and the
adjoining gas phase is assumed. In the unsteady-state model, a transient flux at the sediment-air
interface is employed, coupled with transient air exchange (turnover) of the gas phase inside the
home. The unsteady-state approach is the more realistic and is believed to be the more accurate
of the two methods in approximating the “true” chemodynamic behavior of in-home sediment
pollutants.
The advantages of the equilibrium model lie in its computational simplicity and
conservative outcome. Only thermodynamic equilibrium parameters for each chemical are
required, and the solution requires solving an algebraic equation for the concentrations in each
phase. It gives, at best, an order of magnitude estimate of pollutant concentrations, but can be
solved quickly in order to delineate chemicals which may be in elevated concentration in a
particular phase. A far more realistic calculation of pollutant dynamics is achieved by the
unsteady-state model, by accounting for the time-dependent behavior of processes such as flux,
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air exchange, and chemical reaction, which directly affect pollutant concentrations in each phase.
It allows estimates of the changes in types and quantities of chemicals in each phase with time.
The drawback to the unsteady-state approach is that knowledge of several more
parameters are required than for the equilibrium model. In addition, the unsteady-state model
requires a numerical solution by computer software. Clearly, each model has its advantages and
disadvantages.
4.10

Future Work

Several key pieces of information are needed to refine the model and enable more
accurate chemodynamic behavior predictions to be made across all phases. Mold
thermodynamic and transient behavior is a primary example. Partitioning and uptake rate studies
should be undertaken between mold films/spores and gaseous organic pollutants, to measure the
extent and rate at which chemicals associate with this material. Such experimental results would
be very useful in quantifying the ability of mold to serve as a partitioning and/or transport
medium for hazardous pollutants, and would also provide relevant data needed to refine the
unsteady-state model presented herein.
Laboratory experiments can also be designed to study the mass transfer coefficient at the
floor of homes, both with and without forced ventilation. Data generated by these studies would
not only provide a more accurate estimation of the mass transfer coefficient needed in the present
model, but could also be used in other indoor air pollution studies and models which describe the
movement of chemicals inside homes and other enclosed structures.
Lastly, measurements of the air exchange rate for sealed homes without forced
ventilation are extremely lacking in the current literature. Large scale or laboratory microcosm
experiments could be undertaken, using gaseous chemical tracers, to provide much of this
missing data.
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4.11 Conclusions

A chemodynamic, unsteady-state model has been constructed, built upon the fundamental
chemical engineering principles of mass transfer, chemical thermodynamics, reaction kinetics,
and mathematical modeling. By accounting for the transient processes of sediment-to-air flux,
air exchange (ventilation) rate, and gas phase chemical reactions, the solution to the model for
each chemical of interest can provide realistic results regarding chemical fate and transport
inside Katrina-flooded homes. The model is also general enough to be applied in other situations
involving urban flooding, yet is specific to homes with minimal forced ventilation and where the
source of chemical contaminants is in the sediments occupying the floors and interior surfaces of
the home.
Model results were generated for the sediment, vapor, mold film, and mold spore aerosol
phases, which may be used to make predictions regarding exposure to chemicals across the four
indoor phases at any given point in time. Volatile chemicals were observed to be lost quickly
from the sediment to the gas-phase, and may be present in very high concentrations in the gas
phase in the days and weeks immediately after floodwater is removed from the homes. Semivolatile pollutants are observed to remain in the sediment, gas, and mold phases for very long
periods of time, including several years after the storm has passed. These materials are an
important source of exposure to residents and recovery workers, both by the dermal and
inhalation pathways, over long periods of time. Finally, non-volatile pollutants are expected to
remain in the sediment, with minimal gas or mold phase impact.
The present unsteady-state model, along with the previously employed thermodynamic
equilibrium model, leads to several important recommendations and points of emphasis for the
clean-up of flooded homes during future events, in order to minimize exposure of homeowners
and emergency response personnel to hazardous chemicals.
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First, re-wetting the sediment after it has dried can result in a “spike” of volatile and
semi-volatile species to the gas-phase. Examination of the equilibrium model results from
Chapter 3 reveals that the gas-phase predicted concentrations of semi-volatile species from wet
sediment are significantly greater than those predicted by the unsteady-state model at dry/damp
sediment conditions. The presence of water on fine silt and clay particles forces the organic
species off of the adsorption sites on the mineral surface to make way for water molecules
(Valsaraj and Thibodeaux 1988; Valsaraj 2000). As a result, re-wetting sediment which has
already dried can result in a significant vapor-phase exposure to VOCs and SVOCs.
Second, the fastest way to eliminate volatile organic chemicals from the sediment is to
substantially increase the ventilation rate of air through the home. This may be accomplished by
opening all doors and windows to increase convective air circulation through the home, or by
using electrical or battery-powered fans when available. A very high air exchange rate will
reduce the VOC depletion time in the sediment from ~1 year to less than a week. However, gasphase concentrations of VOCs will also be extremely high during this time, as the sediment-toair flux will be very rapid. Therefore, it is not recommended to begin clean-up of the inside of
the home while this forced ventilation is taking place.
In areas where mold growth is likely to be a problem, a respirator more efficient than the
N-95 should be used. A cartridge respirator, which can provide better protection against organic
vapors, and more protection against mold spores, may be appropriate.
In all cases, the importance of using basic personal protective equipment cannot be
emphasized enough. Body suits, shoe coverings, safety goggles, and gloves are a necessity when
cleaning up homes which have been compromised by floodwaters and contaminated sediment.
Finally, disposal experts should prepare for the possibility that sediment and mold-contaminated
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debris being thrown away may still contain elevated concentrations of semi-volatile organic
chemicals, even years after the storm has passed.
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CHAPTER 5
PHOTOACTIVITY OF PAINT- AND SUNSCREEN-COATED
SURFACES CONTAINING ULTRAFINE PARTICLES TOWARDS
SEMI-VOLATILE ORGANIC COMPOUNDS IN AIR*
5.1 Introduction
Modern paint and sunscreen formulations contain large quantities of TiO2 ultrafine
particles, often between 10 and 20 weight percent in paints, and up to 25 weight percent in
sunscreens (Dionysiou 2004; Biswas and Wu 2005; Guzman et al. 2006; Wiesner et al. 2006).
Micron-sized TiO2 has been used for many years as a UV absorber and pigmentary agent. The
use of nano-scale TiO2 in these formulations dramatically increases the total number of particles
and specific surface area, relative to their micron-sized counterparts; because titanium dioxide is
a well-known photocatalyst, the nanoparticles currently being used can also dramatically
increase the reactivity of these materials towards gas-phase pollutants.
The photocatalytic degradation of small organic molecules, such as formaldehyde,
methanol, and 2-propanol, on paint-coated surfaces or thin films containing embedded TiO2
nanoparticles has been extensively studied (Vorontsova et al. 1997; Ohko et al. 1998; Wilson and
Idriss 2003; Allen et al. 2005; Yu et al. 2007). To date, few studies have examined the
destruction of larger, semi-volatile gaseous organic compounds (SVOCs) on titanium dioxide
thin films. Naphthalene is chosen as a representative SVOC. It is a common air pollutant, a
byproduct of incomplete combustion of industrial processes, and is found all over the world
(McConkey et al. 2002). Its partial oxidation products, such as trans-2-formylcinnam-aldehyde
and 1-naphthol, are known to be highly toxic, and more hazardous to human health than the
parent compound (McConkey et al. 2002). Thus, naphthalene degradation on paint- and
*

Reproduced in part with permission from Environmental Science and Technology, submitted
for publication. Unpublished work copyright 2009 American Chemical Society.
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sunscreen-coated surfaces to partially oxidized products, or complete mineralization to CO2, may
adversely affect local ambient air quality. Because interior paint also contains high loadings of
titanium dioxide nanoparticles, the potential exists for indoor air quality to be just as adversely
affected, if not more so, than outdoor air quality. The concentration of indoor air pollutants in
the gas phase is strongly related to the air exchange rate, and thus the potential for accumulation
of hazardous air pollutants is much greater indoors than outdoors.
The environmental chemodynamics of nanomaterials should be investigated further, to
avoid repeating the mistakes made in previous decades involving halogenated pesticides and
lead-based paints. Halogenated pesticides were eventually banned from production, but
widespread damage had already been done, and these chemicals continue to adversely affect the
environment in many areas around the world to this day. The similarities between titanium
dioxide and lead in paints should be easy to consider. Micron-sized lead used in older paint
formulations has accumulated in large quantities in the soils and sediments of many large, old,
urban areas, such as inner city New Orleans (Mielke 1994; Mielke et al. 2004; Mielke et al.
2005). Operations related to painting surfaces and construction activities can release paint
particles to the air. TiO2 nanoparticles, being smaller and having less mass than the heavier
micron-sized lead particles, can be much more easily resuspended by wind currents, and have the
potential to both remain aerosolized in the ambient air as well as be transported long distances
from their original source. The aerosolized particles would then have the ability to photocatalyze
gas phase reactions and directly impact atmospheric chemistry for extended periods of time. For
the aforementioned reasons, the environmental chemodynamics of these ultrafine particles need
to be studied further, before their commercial application becomes significantly more
widespread.
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5.2 Materials and Methods
5.2.1 Materials
Two types of paint were used, and were obtained from a local home improvement store.
Both are latex-based paint; one sample is an interior paint, the other is an exterior paint. The
sunscreen sample (SPF 50) was obtained from a local retail store. Both paint and sunscreen
materials were shaken prior to each use, but otherwise were used straight from the container and
were not modified in any way. Drywall sheets (National Gypsum Company, 1/2 in x 7 ft x 4 ft)
were also obtained from a local home improvement store, and were cut into circular discs of
diameter 4.25 inches in the chemical engineering shop, using the water knife. Discs were
allowed to dry after cutting, prior to use. Naphthalene was obtained from Aldrich (99%,
scintillation grade).
5.2.2 Sample Preparation
Paint discs were prepared by using a paint roller to coat the discs, in a procedure that
would mimic the application of paint to an interior or exterior wall. “Thin” samples were given
one coat of paint; “thick” samples were given two coats. Two different coating thicknesses were
used to determine if the paint thickness influenced the photocatalytic reaction. Paint thicknesses
were measured using an apparatus which measures changes in distance relative to a ½” thick
standard. Measuring the drywall discs before and after coating enables determination of the
average paint thickness. Consistent thicknesses of both “thin” and “thick” materials were used
for each sample across all experiments; the average thickness of a “thin” paint surface was 500
µm, or 0.5 mm, whereas the average thickness of a “thick” paint surface was 1000 µm, or 1 mm.
For sunscreen, the average thickness of a “thin” surface was 533 µm, or 0.533 mm, and the
average thickness of a “thick” layer was 1040 µm, or 1.04 mm. Sunscreen samples were
prepared by spreading 5.0 grams (thin) or 10.0 grams (thick) of sunscreen uniformly across the
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top of a drywall disc. Paint samples were dry before experiments; sunscreen samples were still
wet, in keeping with attempting to mimic the natural state and application of these materials as
closely as possible. A picture and schematic of a coated drywall disc is shown in Figure 5.1.

Figure 5.1 Drywall coated discs

5.2.3 Experimental Apparatus
The experimental setup for the UV-photocatalyzed reaction is shown below in Figure 5.2.
The apparatus consists of two activated carbon beds to remove water and other contaminants
from the high-pressure air stream, a naphthalene saturated vapor generator (SVG), a deionized
water bubbler and hot plate (Thermolyne, Cimarec 2) to generate humidified air (when needed),
the reactor/box apparatus, and a second carbon trap on the outlet to adsorb any residual
naphthalene before the outlet stream was vented to the fume hood. The SVG was prepared by
stirring a solution of hexane, naphthalene, and Chromosorb P (Supelco™, acid washed, 60-80
mesh) overnight on a stir plate. After 24 hours of stirring, the naphthalene-loaded Chromosorb P
was poured into trays under the fume hood where the hexane could evaporate. The resulting
powder was then used to fill a packed column (stainless steel, 31.5 inches long, ½” outside
diameter); glass wool was inserted at both ends to prevent particle entrainment. Regulators on
the air supply for the naphthalene saturated vapor generator and deionized water bubbler enabled
control of the gas flow to each of these streams.
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Figure 5.2 Experimental apparatus flow diagram

The reactor box is shown in Figure 5.3. It consists of a stainless steel box (21.25 in wide,
7 in tall, 10.75 in deep) and encloses two UV lamps (UVP™, model #F15T8, 302nm) in the
front for illumination of the three reactors. The emission spectrum for the UV lamps is provided
in Appendix F. The box contains a fan on the left side which is used to draw air through the box
and out through the vent on the right side, to maintain a constant reactor temperature over the
course of the experiment. The three individual reactors can be inserted to and removed from the
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box from the top. When the reactors are in place, the box provides an enclosed environment
where ambient light is blocked out, and illumination can be controlled by switching the UV
lamps on or off.
A schematic of an individual reactor is shown in Figure 5.4. Each reactor is a custommade cylindrical vessel (height 4.85 in, diameter 4.25 in), with an internal volume of 1.0 liter
after the drywall disc has been loaded into the bottom. Each reactor has a quartz window in front
(3 in x 3 in by 1/8 in) to enable illumination of the sample by the UV lights. The reactor is
sealed with a flange lid, using a silicone gasket and twelve screws to generate an air-tight seal
around the lid. Quick-connect® ports on the top of the reactor are each connected to a two-way
valve, which can be manually positioned in either the “open system” or “closed system”
configuration.
In the “open system” selection, the inlet valve is opened to allow naphthalene and
humidified air to enter the reactors, and the outlet valve is opened to purge the reactor gases to
the carbon trap and vent. The “open system” configuration is used when saturating the air inside
the reactors with naphthalene prior to an experiment. Prior to beginning an experimental trial,
the valves are switched to the “closed system” configuration, in which both the inlet and outlet
valves on each reactor are connected to its recirculating pump, which is used to stir the gas inside
the reactor and ensure a constantly well-mixed vapor phase throughout the experiment.
5.2.4 Experimental Setup and Procedure
5.2.4.1 Photodegradation Experiments
Prior to an experiment, a paint or sunscreen coated drywall disc is loaded into the bottom
of each reactor. All three reactors are then sealed using the flange lid, silicone gasket, and
twelve screws. Reactors are then inserted into the top of the stainless steel reactor box. Valves
are connected to the inlet and outlet Quik-Connect® fittings on each reactor, and are set to the
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Figure 5.3 Overhead view of reactor box setup

Figure 5.4 Schematic and picture of an individual reactor

“open system” (purge) configuration. Septa on the sample ports of each reactor are changed
prior to each experiment. For experiments at 30% relative humidity, the water saturator is not
needed, and the air feed valve to this apparatus remains closed. For experiments at 70% relative
humidity, the air feed valve is opened, and a 500 mL Erlenmeyer flask with a side arm is filled
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with 535 mL of deionized water. The flask is then suspended in a water bath on top of the hot
plate, which is turned to a setting of “4,” to maintain a constant water temperature of 23°C ±
2°C. The house air supply valve is turned on, and the reactors are allowed to purge with a
saturated naphthalene/humidified air mixture for a minimum of 10 hours.
After 10 hours of purge, a steady-state equilibrium value is attained for the gas-phase
naphthalene inside the reactors. The house air supply valve is turned off, and the inlet/outlet
reactor valves on each reactor are switched to the “closed system” positions. Caution must be
exercised to close the inlet valve before the outlet valve on each reactor, to avoid a possible over
pressurization of the reactor. Once all valves are in the “closed system” position, the three
reactor pumps and box fan are turned on.
Specialized gas sampling syringes (VICI Co. Pressure-Lok™, 2 mL volume) are inserted
into each reactor to begin collecting the initial sample. Syringes are allowed to fill for 10
minutes before sampling, and the gas is bubbled into 2 mL GC vials (Agilent, with PTFE screw
cap and red rubber septa), pre-filled with 1.0 mL of acetonitrile (Mallinckrodt, 99.8%, liquid
chromatography/UV spectroscopy grade). This is the starting (background) sample for each
reactor and is collected before the UV lights are turned on. The samples are now ready to be
analyzed on the HPLC, following the procedure described later.
To collect the sample for t = 5 minutes, the syringes are re-inserted into the reactors.
After five minutes have elapsed, the UV lights are turned on, and the reaction time begins. After
five more minutes, the samples are collected and bubbled into acetonitrile as before. For all
subsequent samples, syringes are inserted in the reactors and samples are collected every ten
minutes, until total reaction time of 2.5 hours has elapsed.
After reaction time is complete (2.5 hours), UV lamps, box fan, and reactor pumps are
turned off; valves on reactors are switched to the “open system” (purge) position. Valves are
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disconnected from the reactors and reactors are removed from the box. Each reactor’s lid is
removed, and the open reactors are placed under the fume hood overnight to vent. If surface
samples are to be collected for analysis, drywall discs are removed now and stored/extracted
according to the procedure described in a later section. After reactors have vented, drywall discs
are removed if not already complete. Reactors are then rinsed in the sink to remove loose
drywall, dried with paper towels to remove excess water, and completely wiped down on the
inside, including gasket and inside of lid, with hexane. The inside and outside of the quartz
windows are also cleaned using hexane-saturated Kimwipes™. Residual hexane is allowed to
evaporate under the fume hood for several hours before preparing reactor for next experiment.
5.2.4.2 Gas-Phase Naphthalene Sampling and HPLC Analysis
A method was developed to measure naphthalene concentration by HPLC in the
minimum possible time for each sample, while also preserving the quality of the peak resolution
measured by the fluorescence detector. A mixture of solvents (30% water, 70% acetonitrile), at a
flow rate of 0.5 mL/min is used as the mobile phase. All solvents used were liquid
chromatography grade (Mallinckrodt). The columns include a Phenomenex Envirosep PP guard
column (C18, 5µm particles, 30 x 3.20 mm) and a Phenomenex Envirosep PP analytical column
(C18, 5µm particles, 125 x 3.20 mm), and are maintained at 40°C over the entire sampling period.
The auto sampler was used for each sample set, and the injection volume per sample was 25 µL.
A calibration curve for the HPLC (Hewlett Packard Series 1110 model with a Hewlett
Packard 1046A fluorescence detector) was generated by preparing known standards of
naphthalene in acetonitrile in triplicate from 5-1000 ppb (corresponding to a gas-phase
concentration range inside the reactors of 2.5-500 ppb) and manually integrating the resulting
peak on the fluorescence chromatogram, at a retention time of about 3.13 min. Once
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experimental trials began, the calibration was re-checked weekly, and was found never to deviate
from the original by more than 5%.
Samples collected over the course of each experimental trial were loaded into the auto
sampler tray and processed according to the previously described method. Once all samples had
been analyzed for each trial, the resulting fluorescence chromatograms were integrated manually,
and the gas-phase naphthalene concentrations could be back-calculated from the vial
concentrations.
5.2.4.3 Product Analysis: Surface Extractions
Surface adsorbed products and residual surface adsorbed naphthalene are measured by
extracting the pre- or post-reacted paint or sunscreen surfaces in hexane, and analyzing the
extract on the GC-MS (Agilent 6890N GC with Agilent 5973 MSD). After the reaction was
complete, drywall discs were removed from the reactors, and the top (surface) coating was cut
off. This circular film was then cut into quarters, and inserted into pre-cleaned 60 mL glass jars,
to which 60 mL of hexane (J.T. Baker, 95% n-hexane, liquid chromatography/spectroscopy
grade) was added. The top of the jar was then covered with aluminum foil and the lid screwed
on. Jars were agitated in an ultrasonic bath (Cole-Parmer 8852) for one hour, and allowed to
stand overnight to cool. Under the fume hood, the jars were opened and the hexane evaporated
under a stream of cold nitrogen (Capitol Welders, ultra high purity) to a final volume of 1.0 mL
in GC vials. Samples were filtered to remove suspended solids from the extract, prior to final
evaporation to 1.0 mL in GC vials. Surface extracts were loaded into the GC-MS auto sampler
tray, and processed according to EPA Method 8270C. After subtracting out the background
(blank, unreacted surface + solvent), the resulting chromatograms were integrated and a library
reference spectra search was performed. Identified compounds with a match quality greater than
90% were selected as possible products, and reference standards for these materials were
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obtained and calibration curves prepared. Where mass spectra and retention time of the standard
matched the library reference spectra, products were identified as surface extracted reaction
products, and were quantified using the prepared linear calibration curves.
5.2.4.4 Product Analysis: CO2 Evolution
Complete mineralization of naphthalene to gaseous CO2 is highly probable on
photoactive TiO2 surfaces. To measure CO2 evolution, experiments were conducted following
the previous reaction protocol, except at the conclusion of the reaction (2.5 hours), the reactors
were not removed from the box and opened. Instead, the reactor valves were re-set to the purge
(“open system”) position, and nitrogen (Capitol Welders, ultra high purity) from a high pressure
cylinder was connected to the reactor feed in place of the saturated vapor generator. The valve to
the water saturator was also closed, so that the only feed to the reactor was bone-dry nitrogen,
which was used to purge the reactor contents. In between the reactor outlet lines and the carbon
trap/vent, Erlenmeyer flasks containing 300 mL of 0.25 M KOH solution, suspended in an ice
bath, were inserted, and the reactor outlet contents were bubbled into these flasks. The pH
change in the KOH solution was monitored, and when the minimum pH was reached (usually in
about 1.5 hours of purge), the nitrogen purge was shut off and the solution collected. The KOH
solution was then titrated against 1.0 M HCl with a Congo Red indicator, to determine the
carbonate content of the solution, and thus the CO2 which had been added during the purge. A
blank reactor experiment was also carried out, following the same procedure, but which did not
contain a paint or sunscreen coated sample, in order to subtract out background CO2 in the air
used to feed the saturated vapor generator and water saturator. The difference between
background CO2 and measured CO2 concentrations was taken as the amount of CO2 evolved in
the reactors over the course of the experiment.
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5.2.4.5 Determination of Sample Metal Oxides Content
The metal oxide content (TiO2, Al2O3, ZnO) of the paint and sunscreen samples was
measured by acid digestion. Acid digestion is a technique commonly employed to measure trace
metals, and not metal oxides. Therefore, we assumed that all of the Ti, Al, and Zn measured by
this technique are present in the metal oxide form. This assumption is reasonable for paint and
sunscreen, since the pure Ti, Al, or Zn metal is not known to exist in these formulations (Croll
2002). The complete acid digestion procedure is given in Appendix A. Briefly, 0.1 grams of
sample was added to a Teflon microwave digestion tube, to which was added a mixture of 70%
HNO3, 48% HF, and 98% H2SO4. The materials were then digested by microwave-assisted acid
digestion in an Anton Paar Multiwave 3000 microwave system, by EPA Method 3052.
Following digestion, the remaining liquid (which contained no suspended solids) was diluted
with 3% HNO3, and analyzed by ICP-MS (Perkin-Elmer ELAN 9000) by EPA Method 6020.
Blank samples were analyzed to subtract out background metal concentrations, and recoveries of
TiO2, Al2O3, and ZnO, were measured by digesting the pure powders using the same procedure.
Recoveries of metal oxides were 16%, 6%, and 54% for TiO2, Al2O3, and ZnO, respectively.
Sample concentrations measured by ICP-MS were then adjusted for the recovery of each metal
oxide.
5.2.4.6 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a powerful analysis technique which can provide
information about local surface structure on the micron and sub-micron level. For the interior
paint, exterior paint, and sunscreen samples used in these experiments, the local surface
structure, surface roughness, porosity, and TiO2 primary particle size must be determined
because they directly affect the kinetic behavior of the photocatalytic reaction. SEM images
were obtained on a Cambridge Stereoscan 260 SEM, in the The Socolofsky Microscopy Center
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in the LSU Department of Biological Sciences. Both reacted and un-reacted surface samples of
paint and sunscreen were imaged, and were prepared using standard techniques. Samples used to
examine surface structure and porosity were sputter coated with a gold/palladium mixture;
samples used to determine TiO2 nanoparticle size were not sputter coated, because the TiO2
particles themselves scattered electrons sufficiently well to see the individual particles on the
material surface.
5.2.4.7 X-Ray Diffraction
X-ray diffraction (XRD) is a technique used to determine the thermodynamic phase of
crystalline materials. Because the TiO2 nanoparticles embedded in paint and sunscreen
formulations are expected to be crystalline, this analytical technique can be applied to determine
their thermodynamic phase. The TiO2 phase is an important piece of information, because the
crystalline phase of the particle (anatase, rutile, or brookite) directly impacts the reaction
kinetics. Thin films of paint and sunscreen were prepared for X-ray diffraction analysis by
coating circular glass slides (1 in diameter, 1/8 in thick) to a uniform thickness. As with the
drywall coated samples for the reactors, paint samples were allowed to dry before analysis, while
sunscreen was analyzed wet. Samples were processed in the LSU X-ray Crystallography
Laboratory, on a Bruker/Siemens D5000 automated powder x-ray diffractometer with Rietveld
analysis software in the LSU Department of Geology and Geophysics. Library search routines
were performed against standard diffraction patterns using the software, to determine the TiO2
crystalline phases. Pure anatase and rutile powder standards were also examined, to verify the
sample diffraction patterns and library match results.
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5.3 Metal Oxide Content
5.3.1 Data Analysis
A linearized calibration curve over the range of 0-500 ppb in 3% nitric acid solution was
obtained for all metals of interest. Concentrations in the paint or sunscreen sample (wet weight)
were calculated from the diluted digestion extracts, using equations provided in Appendix A. A
total of thirteen samples of each material were digested, along with three method “blanks.”
Metal concentrations in the three “blanks” were averaged and subtracted from the individual
sample measurement. The thirteen values were then averaged, and measurements greater than
one standard deviation away from the mean were rejected. The final average and standard
deviation (of no less than ten individual measurements) are reported as the sample average and
standard deviation. The average concentrations were adjusted for metal oxide recoveries, as
described previously.
5.3.2 Acid Digestion Results
Results of the acid digestion analysis are provided in Table 5.1. Measured values of
titanium dioxide content are in excellent agreement with ranges reported by the paint
manufacturers in the material safety data sheets for the products. Sunscreen manufacturers do
not report the TiO2 content of their formulation; however, the United States Food and Drug
Administration has established 25 wt% as the maximum allowable limit for titanium dioxide in
sunscreens.
5.4 Titanium Dioxide Crystalline Phase
5.4.1 Data Analysis
Thin films of paint and sunscreen coated on glass slides were analyzed by x-ray
diffraction to determine the TiO2 crystalline phase. In addition, pure rutile TiO2 (Alfa Aesar,
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99.99%), and pure anatase TiO2 (Aldrich, 99.7%) were also analyzed to verify the library
database spectra.

Table 5.1 Metal oxide content of paint and sunscreen formulations
used in photocatalysis experiments
TiO2 (wt %)

Al2O3 (wt %)

ZnO (wt %)

Interior Paint

11.6 % ± 2.5 %

2.6 % ± 0.4 %

0.002 % ± 0.001 %

Exterior Paint

11.3 % ± 0.5 %

4.5 % ± 0.6 %

0.03 % ± 0.006 %

Sunscreen

0.2 % ± 0.01 %

0.05 % ± 0.01 %

0.001 % ± 0.0002 %

5.4.2 XRD Results
X-ray diffraction results are shown in Figures 5.5 – 5.7 for the paint and sunscreen
samples, with library search spectra shown below each diffraction pattern. The pure anatase and
rutile diffraction patterns are shown in Figures 5.8 – 5.9. Results of the XRD analysis indicate
that for both interior and exterior paint, the primary TiO2 crystalline phase is rutile, whereas for
sunscreen, the primary crystalline phase is anatase, which is consistent with previous results
(Braun et al. 1992; Christensen et al. 2002; Debnath and Vaidya 2006). This analysis was unable
to definitively identify the anatase phase in paints, or the rutile phase in sunscreens. Because
anatase has a much greater photocatalytic activity than rutile, the naphthalene photocatalytic
reaction kinetics are expected to be faster on sunscreen surfaces than on paint surfaces (Fox and
Dulay 1993; Hoffmann et al. 1995; Linsebigler et al. 1995; Zhang et al. 1998; Kakinoki et al.
2004; Wang et al. 2004a; Wang et al. 2007).
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5.5 Surface Structure and Particle Size
5.5.1 Paint and Sunscreen Surface Structure
5.5.1.1 Exterior Paint
Figure 5.10 shows the SEM images of exterior paint surfaces, at varying levels of
magnification. As can be seen from the images, the paint surface is very rough and also very
porous. The significant porosity of the exterior paint surface is expected to increase mass
transfer limitations, by retarding diffusion of the gaseous naphthalene into the surface pores. The
surface roughness, especially at the microstructure level where the TiO2 nanoparticles are visible,
increases both the number of particles and the particle surface area available for reaction, and
would be expected to increase the reaction rate of the gas-phase naphthalene on the paint surface.

Figure 5.5 X-ray diffraction pattern of interior paint sample
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Figure 5.6 X-ray diffraction pattern of exterior paint sample

Figure 5.7 X-ray diffraction pattern of sunscreen sample
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Figure 5.8 X-ray diffraction pattern of pure anatase powder

Figure 5.9 X-ray diffraction pattern of pure rutile powder
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5.5.1.2 Interior Paint
Compared to the exterior paint images, interior paint, as shown in Figure 5.11, appears to
have a much smoother surface structure and is far less porous. A smoother surface
microstructure should decrease the surface reactivity relative to that of the exterior paint, because
fewer particles and particle surface area are available for reaction.
5.5.1.3 Sunscreen
An SEM image of a sunscreen coated surface is shown in Figure 5.12. Unlike paint, the
sunscreen is still pliable when it is imaged, and does not completely dry due to its oil-based
formulation. The ridges seen in the structure are likely the result of the coating technique, and
not an intrinsic property of the material. However, a person applying the sunscreen to their skin
is not likely to generate a micro-structurally smooth layer, and thus some surface roughness is to
be expected. It is also important to point out that, unlike the two paint samples described
previously, sunscreen surfaces do not appear to be porous.
5.5.1.4 Comments on Paint and Sunscreen Surface Structure
In light of the SEM images in Figures 5.10 – 5.12, the material surface structure should
be considered within the context of its intended use. Exterior paint is designed to be very robust;
it must handle wide temperature swings, high incident UV light flux, as well as natural
weathering processes such as wind, rain, and snow, and still fulfill its intended function. It is
thus not surprising that exterior paint surfaces appear to be very rough, in order to handle the
variety of conditions it may be exposed to. Interior paint, comparatively, is not subject to the
harsh treatment or weathering that exterior paint is designed for, and hence interior paint surfaces
are much smoother and contain fewer additives. Sunscreen is designed to have a much shorter
lifetime than either interior or exterior paint. In addition, because sunscreen does not dry,
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(a)

(b)

(c)
Figure 5.10 SEM images of exterior paint surface structure at
(a) 54.4 X, (b) 4.86 kX, and (c) 14.2 kX magnification
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(a)

(b)

(c)
Figure 5.11 SEM images of interior paint surface structure at
(a) 181 X, (b) 437 X, and (c) 2.06 kX magnification
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Figure 5.12 SEM image of sunscreen surface structure at 1.04 kX magnification

diffusion of the naphthalene within the sunscreen material to reach the TiO2 nanoparticles can be
expected to be faster than diffusion within the more solid paint matrix (Cussler 1997).
5.5.2 Paint Porosity
5.5.2.1 Exterior Paint
As shown in Figure 5.13, exterior paint surfaces have pore diameters of ~20 µm. The
interior of these pores are also coated with TiO2, which implies that this extended surface area is
also available for reaction if a gaseous species can diffuse within the pore. The presence of so
many of these large pores is expected to increase the mass transfer limitations of the process by
adding a diffusion resistance. The Knudsen diffusion coefficient of a naphthalene molecule in a
20 µm pore is 14.9 cm2/sec (Missen et al. 1999).
5.5.2.2 Interior Paint
Figure 5.14 shows the pores on an interior paint surface. The pores in interior paint
surfaces are smaller than those in exterior paint surfaces; interior paint pore diameters are on the
order of ~ 5 µm. The Knudsen diffusion coefficient of gaseous naphthalene inside interior paint
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(a)

(b)
Figure 5.13 Pores in exterior paint at (a) 2.34 kX and (b) 3.71 kX magnification
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(a)

(b)
Figure 5.14 Pores in interior paint at (a) 6.88 kX and (b) 7.55 kX magnification
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pores is calculated to be 3.73 cm2/sec (Missen et al. 1999), and thus the pore-diffusion mass
transfer resistance is expected to be greater on interior paint surfaces than exterior paint surfaces.
5.5.3 TiO2 Nanoparticle Size
5.5.3.1 Exterior Paint
Figure 5.15 shows SEM images of TiO2 nanoparticles on exterior paint surfaces. As seen
in the images, there are a substantial amount of TiO2 nanoparticles in the paint, which agrees
well with the metal oxide content shown previously, measured by acid digestion. It is also
important to note that the particles are mostly dispersed, and exist as individual particles, not as
agglomerates or clusters. This greatly increases the specific surface area available for the
reaction, and is expected to increase the reaction kinetics. Using the scale of the SEM images,
the TiO2nanoparticles in exterior paint appear to be polydisperse, with particle sizes between 125
and 175 nm, with an average particle size of 150 nm.
5.5.3.2 Interior Paint
TiO2 nanoparticles on interior paint are shown in Figure 5.16. Based on analysis of the
image, it is expected that there are no substantial differences between interior and exterior paint,
in the quantity and dispersivity of the TiO2 nanoparticles present. The primary particle sizes of
TiO2 in interior paint are again polydisperse, and range from 125 to 150 nm, with an average
particle size of 137.5 nm.
5.5.3.3 Sunscreen
Figure 5.17 shows the TiO2 nanoparticles on a sunscreen surface. The major noticeable
difference, compared to the paint images in Figures 5.15 and 5.16, is that there are far fewer
TiO2 nanoparticles in sunscreen than in either paint sample. This analysis is in agreement with
the substantial decrease in TiO2 concentration measured by acid digestion, reported previously.
It is also important to note that, compared to TiO2 in paint, TiO2 particles in sunscreen appear to
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(a)

(b)

(c)

(d)

(e)
Figure 5.15 TiO2 nanoparticles in exterior paint at (a) 3.18 kX, (b) 5.14 kX,
(c) 7.55 kX, (d) 10.7 kX, and (e) 18.5 kX magnification
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Figure 5.16 TiO2 nanoparticles in interior paint at 17.1 kX magnification

be more monodisperse, with an estimated diameter of 125 nm. Finally, the particles are not
individually dispersed as in paint, but appear to be agglomerated, in clusters of approximately 2
to 4 particles each. Both the smaller particle size and degree of agglomeration can directly
impact the reaction kinetics, by changing the specific surface area of TiO2 nanoparticles
available for reaction.
5.6 Naphthalene Photocatalytic Degradation on Paint and Sunscreen
5.6.1 Data Analysis
5.6.1.1 Reaction Order and Rate Constant
The reaction order was determined by log-transforming the naphthalene concentration
versus time data, and plotting ln(CA/CA0) vs. t. An example of this plot is shown in Figure 5.18.
As seen from the figure, the resulting plot was linear, and the reaction of naphthalene on paint
and sunscreen surfaces was determined to be pseudo first-order (Levenspiel 1999). The firstorder reaction rate constant can be determined by the slope of the same plot previously
described. For example, the rate constant for the plot shown in Figure 5.18 is 0.0115 min-1.
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(a)

(b)

(c)
Figure 5.17 TiO2 nanoparticles in sunscreen at
(a) 2.77 kX, (b) 5.54 kX, and (c) 11.8 kX magnification
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Figure 5.18 ln(CA/CA0) vs. time plot of naphthalene photodegradation kinetic data

Because each experiment generated three individual concentration measurements for
each time interval (one for each reactor), and all experiments were run twice, a total of six
measured data points are available at each time interval. After excluding any points greater than
one standard deviation away from the mean, four to six points remained from which to calculate
the average and standard deviation at each time interval.
After determining the average and standard deviation of the naphthalene gas-phase
concentration at each sampling interval, the largest calculated standard deviation was selected, in
order to include the widest possible range of error in the overall rate constant. The ln(CA/CA0)
vs. time data were re-plotted three times, using the average and plus or minus the selected
standard deviation, at each time step. These three data sets were each fit to a linear regression,
and the rate constants were determined from the slope of the regression line, as discussed
previously.
The average and standard deviation of the three slopes (rate constants) for the three data
sets were determined, and the rate constant reported for each experimental data set is the average
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of the rate constants determined in this final step, in order to provide a value which incorporates
the maximum experimental error. After finding the average and standard deviation at each set of
conditions, 5% of the average was added to the standard deviation to account for HPLC
analytical error, because the linear calibration over the course of the experimental trials drifted
by as much as 5%. Thus, the reported error in the rate constants and the error bars on the
forthcoming concentration vs. time plots include all experimental, measurement, and analytical
errors.
The calculated rate constants were also normalized by particle specific surface area,
based on available TiO2, to eliminate the particle size dependence on the reaction rate. Particle
specific surface area, defined as surface area per unit mass of particle, was calculated as follows.
Surface area was estimated by the TiO2 nanoparticle diameters determined from the SEM
images, and by assuming spherical particles. The amount of TiO2 available for the reaction was
estimated by counting the number of particles in a defined area of the SEM images for interior
paint, exterior paint, and sunscreen surfaces. Assuming that uniform coverage exists across the
material surface, the total surface area available for reaction was then calculated by adding the
material surface area on the top of the coated discs to the pore wall surface area, assuming
cylindrical pores with depth equal to the thickness of the paint layers. Based on SEM images,
sunscreen was determined to be non-porous, and the available surface area for reaction for
sunscreen is considered to be only the top, exposed layer of material. The total mass of TiO2
nanoparticles can then be determined from the particles per unit area and total exposed surface
area available for reaction. Rate constants were also normalized by available mass of TiO2, in
order to eliminate dependence due to both specific surface area and catalyst mass from the
experimentally determined first-order rate constants. Finally, the fraction of TiO2 chemically
accessible for the reaction was evaluated by taking the ratio of the surface available TiO2 to the
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total amount of TiO2 in the paint and sunscreen layers, determined from the volume of the layers
and the acid digestion metal oxide content.
5.6.1.2 Fractional Conversion, Half Life, and Quantum Yield
The fractional conversion of gaseous naphthalene for each experiment is calculated by
the following equation (Missen et al. 1999):

fA =

C A0 − C A
C A0

(5-1)

where
fA = fractional conversion of naphthalene
CA0 = initial gas-phase naphthalene concentration (µg L-1)
CA = final gas-phase naphthalene concentration (µg L-1)
Seventy minutes was found to be the shortest reaction time of any experiment, the time at
which gas-phase naphthalene concentrations in the reactor dropped below detectable limits; the
fractional conversions for all experiments are therefore reported at 70 minutes, to enable
comparisons among materials and experimental conditions.
Naphthalene half life for each experiment was determined as follows, based on the
calculated rate constant:

τ1/ 2 =

ln(2)
k

(5-2)

where
τ1/2 = gas-phase naphthalene half life (min)
k = calculated rate constant for each experimental set (min-1)
The quantum yield is an important parameter in photocatalytic processes, and can provide
a measure of how efficiently the photocatalyst uses the incident UV light to drive the chemical
reaction. The incident photon flux was measured in each reactor using a UVP™ UVX
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Radiometer with UVX-31 sensor (λ = 310 nm). Results for the three reactors were averaged, to
yield a photon flux of 1368 µW/cm2. The quantum yield is plotted against catalyst mass to
enable comparison among materials of differing catalyst content.
Once the photon flux has been measured, the quantum yield can then be calculated for
each experiment by the following equation (Wang et al. 2004b):
QYI =

R

(5-3)

φI

where
QYI = quantum yield (dimensionless) based on light incident on surface
φI = photon flux (µmol min-1) incident on the paint/sunscreen coated surface
R = reaction rate (µmol min-1)
It is also important to note that the quantum yield is often (more correctly) defined with
respect to the amount of photons absorbed by the surface (or photocatalyst). Because the photon
absorption could not be measured for this system, the incident photons must be used to calculate
the quantum yield, which prevents comparisons from being drawn between this system and other
photocatalytic thin films. Of the total UV light incident on the surface, only a fraction is
generally absorbed by the photocatalyst while the remainder is reflected; in this regard, the
quantum yield calculated here is expected to underestimate the actual quantum yield based on
UV light absorption by the TiO2 nanoparticle photocatalyst.
5.6.1.3 Thiele Modulus and Effectiveness Factor

The Thiele Modulus and effectiveness factor are important parameters for catalytic
processes, and provide a quantitative measure of when a process is mass transfer (pore diffusion)
limited or kinetically limited. By assuming straight, cylindrical pores within the paint-coated
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surfaces, the Knudsen diffusivity can be determined by the following correlation (Missen et al.
1999):
1/ 2

⎛ T ⎞
DK = 9700rp ⎜
⎟
⎝ MW ⎠

(5-4)

where
DK = Knudsen diffusion coefficient (cm2 sec-1)
rp = average pore radius (cm)
T = temperature (K)
MW = molecular weight of diffusing species (g mol-1)
The molecular diffusivity of naphthalene in air was obtained and was corrected for the reaction
temperature using the well-known Hirschfelder equation (Welty et al. 2001).
The overall diffusivity, incorporating both molecular and Knudsen diffusion is determined by
(Missen et al. 1999):

1
Doverall

=

1
1
+
DAB DK

(5-5)

where
Doverall = overall diffusion coefficient (cm2 sec-1)
DAB = molecular diffusivity of naphthalene in air (cm2 sec-1)
DK = Knudsen diffusivity (cm2 sec-1)
Finally, an effective diffusivity can be calculated, which corrects the overall diffusivity
for the void volume (pore volume) and tortuosity of the pores (Missen et al. 1999):
Deff =

Doverallε p

τp

where
Deff = effective diffusion coefficient (cm2 sec-1)
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(5-6)

Doverall = overall diffusion coefficient (cm2 sec-1)
εp = material void (pore) volume (cm3 pores cm-3 paint layer)
τp = tortuosity of the pores (1 for straight, cylindrical pores)

The Thiele Modulus and effectiveness factor could then be determined for the paint
experiments by assuming: a flat plate geometry, that the reaction occurs on and within the paint
material but only on the surface of the catalyst particles, a first-order irreversible reaction, and
that the system is isothermal (Fogler 1999; Missen et al. 1999). The Thiele Modulus is then
calculated from the following equation (Missen et al. 1999):
⎛ k
φ = L⎜
⎜D
⎝ eff

1/ 2

⎞
⎟
⎟
⎠

(5-7)

where
φ = Thiele Modulus (dimensionless)

L = thickness of the paint layer (cm)
k = first-order reaction rate constant (min-1)
Deff = effective diffusion coefficient (cm2 sec-1)
The effectiveness factor is defined as the ratio of the observed reaction rate to the surface
reaction rate in the absence of mass transfer limitations. The effectiveness factor for this system,
subject to the previous assumptions, is given by (Missen et al. 1999):

η=

tanh φ

φ

where
η = effectiveness factor (dimensionless)
φ = Thiele Modulus (dimensionless)
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(5-8)

A small Thiele Modulus (or large effectiveness factor) implies that the reaction is
kinetically (rate) limited, whereas a large Thiele Modulus (and small effectiveness factor)
implies that the process is mass transfer (diffusion) limited (Levenspiel 1999). Quantitatively, a
Thiele Modulus greater than 5 reflects a strong-pore diffusion resistance to the catalytic reaction
(Missen et al. 1999).
Finally, the Weisz-Prater criterion can be used as an alternate criterion to identify
whether or not a catalytic reaction is diffusion limited. The Weisz-Prater criterion is defined as
ratio of the measured reaction rate to the rate of internal diffusion, and is defined by the
following equation (Fogler 1999):

CWP = ηφ 2

(5-9)

where
CWP = the Weisz-Prater criterion

η = effectiveness factor (dimensionless)
φ = Thiele Modulus (dimensionless)
If CWP is much less than unity, concentration gradients within the pores are not significant, and
the catalytic reaction is kinetically rate limited. If CWP is much greater than unity, the rate of
pore diffusion is very slow, and thus the process is diffusion limited. For CWP ≈ 1, the reaction
rate is nearly equal to the rate of diffusion within the catalytic system.
5.6.2 Naphthalene Photocatalytic Degradation Results
5.6.2.1 Background Results

Results of the naphthalene background experiments are shown in Figure 5.19. Two types
of background data were collected, one set in which the UV lights were turned on with uncoated
drywall discs inside the reactors, and another set in which paint or sunscreen coated discs were
used, but the UV lights remained off. As shown by the data, no loss of naphthalene by reaction
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occurs in either experiment; therefore, for a photocatalytic reaction of gas-phase naphthalene to
occur, both a paint/sunscreen surface and UV light must be present.
5.6.2.2 Photodegradation Experimental Results

The naphthalene photocatalytic degradation on paint and sunscreen surfaces, at 30% and
70% relative humidity, are shown in Figures 5.20 and 5.21, respectively. For experiments at
30% relative humidity, the naphthalene degradation is faster on thin surfaces than on thick
surfaces, likely reflecting the role played by the pore-diffusion resistance to mass transfer. At
70% relative humidity, fewer differences are observed between thin and thick surfaces, because
at high relative humidity, generation of hydroxyl radicals by the photocatalyst at high water
vapor concentration likely dominates the system. Both of these ideas will be explored in more
detail later.

Figure 5.19 Naphthalene photocatalytic degradation background experiments
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(a)

(b)

(c)
Figure 5.20 Naphthalene photocatalytic degradation at 30% relative humidity
for (a) interior paint, (b) exterior paint, and (c) sunscreen
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(a)

(b)

(c)
Figure 5.21 Naphthalene photocatalytic degradation at 70% relative humidity
for (a) interior paint, (b) exterior paint, and (c) sunscreen
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Figure 5.22 shows comparisons of reaction data at 30% and 70% relative humidity for
each material. For all paint and sunscreen samples used in this study, naphthalene photocatalytic
degradation is faster at 70% relative humidity than 30% relative humidity. This is likely due to
the role of hydroxyl radical formation on the photocatalyst surface along with partial blockage of
the pores by condensed water at high relative humidity. Both of these postulates will be
explored further in a later section.
5.6.2.3 Measured Rate Constants, Fractional Conversion, and Naphthalene Half Life

Table 5.2 gives the calculated rate constants, naphthalene fractional conversion, and half
lives, for all experiments. The rate constants reflect the trends previously observed in Figures
5.20 – 5.22, that photocatalytic degradation of gas-phase naphthalene is generally faster on thin
surfaces than on thick surfaces, and at higher relative humidity. The seemingly low fractional
conversions on paint surfaces are a consequence of calculating the conversions at a standard
time. Because the reactions on sunscreen surfaces are faster, naphthalene gas-phase
concentrations drop below detection limits sooner than for experiments with interior or exterior
paint. If fractional conversion is calculated at the end time for each experiment, naphthalene
fractional conversions on interior and exterior paint surfaces are nearly all greater than 96%.
5.6.2.4 Quantum Yield

The quantum yield for the reaction plotted against mass of available TiO2 photocatalyst is
shown in Figure 5.23. The quantum yield plot shows that the reaction on TiO2 nanoparticles in
sunscreen is more efficient per unit mass of catalyst, compared to the reaction on paint. These
results will be discussed in more detail in a later section. Quantum yield, however, is not a
perfect measure of TiO2 nanoparticle photoreactivity, because the nanoparticle crystalline phase
and diffusion mass transfer limitations also play an important role in controlling the overall
chemical reaction kinetics of the process.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.22 Comparison of experiments at 30% and 70% relative humidity
for (a) thin interior paint, (b) thick interior paint, (c) thin exterior paint,
(d) thick exterior paint, (e) thin sunscreen, and (f) thick sunscreen
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Table 5.2 Calculated rate constants, half lives, and fractional conversions
for naphthalene photocatalytic degradation experiments

Rate Constant
(min-1)

Normalized
Rate Constant
based on
Specific
Surface Area
(g min-1 cm-2)

Normalized
Rate Constant
based on
Available TiO2
(min-1g-1)

Half
Life
(min)

Fractional
Conversion at
t = 70 min

Thin

0.024 ± 0.006

2.54 x 10-7

53.0

28.9

81%

Thick

0.012 ± 0.002

1.27 x 10-7

26.5

57.8

61%

Thin

0.023 ± 0.006

2.23 x 10-7

150

30.1

70%

Thick

0.020 ± 0.007

1.94 x 10-7

170

34.7

68%

Thin

0.044 ± 0.024

3.48 x 10-7

1730

15.8

94%

Thick

0.033 ± 0.009

2.61 x 10-7

1300

21.0

88%

Thin

0.029 ± 0.011

3.07 x 10-7

64.1

23.9

87%

Thick

0.024 ± 0.010

2.54 x 10-7

53.0

28.9

80%

Thin

0.025 ± 0.0046

2.43 x 10-7

162

27.7

86%

Thick

0.036 ± 0.012

3.49 x 10-7

311

19.3

90%

Thin

0.061 ± 0.025

4.83 x 10-7

2400

11.4

96%

Thick

0.049 ± 0.025

3.88 x 10-7

1920

14.1

95%

30% RH
Exterior Paint

Interior Paint

Sunscreen

70% RH
Exterior Paint

Interior Paint

Sunscreen
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Figure 5.23 Quantum yield versus catalyst mass for all experiments

5.7 Reaction Products Analysis
5.7.1 Surface Reaction Products

Two surface adsorbed reaction products were quantified: benzyl alcohol and phenol.
Both products were detected in quantities below than 2 µg, therefore, they are not likely to be the
major reaction products. This implies that the bulk of the reaction products must be either
gaseous partially oxidized species, or CO2. CO2 will be discussed in the next section; gas-phase
partial oxidation products are unable to be quantified by currently available techniques. A
different reactor configuration/sampling process would be required to probe the gas-phase for
these products.
5.7.2 Complete Mineralization to CO2

Experiments carried out to measure CO2 produced by the photocatalytic degradation of
naphthalene were inconclusive; Table 5.3 shows the results of CO2 experiments conducted with
interior paint and sunscreen coated surfaces at 30% relative humidity in air (without gaseous
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naphthalene present). After subtracting out background CO2 in the house air used to feed the
reactors, CO2 evolution was measured in both systems. Because no naphthalene was used in
these experiments, it is believed that the CO2 produced by UV illumination of the reactors is the
result of the photocatalytic degradation of the paint and sunscreen material on the surfaces
themselves, by the presence of embedded titanium dioxide. This result is consistent with results
observed by other groups, who studied the photodegradation of paint by embedded TiO2 and
observed destruction of the paint matrix and other heavy polymers to CO2 (Tatsuma et al. 2001;
Christensen et al. 2002; Jin et al. 2006a; Jin et al. 2006b).
5.7.3 Naphthalene (Carbon) Mass Balance

The carbon balance for the naphthalene degradation experiments is shown in Table 5.4.
Two key results can be observed from the mass balance. First, the difference between total
starting carbon (as naphthalene) and total carbon (as naphthalene) at the end of the experiment
indicates that a photocatalytic reaction of gas-phase naphthalene is indeed occurring, and that
gaseous naphthalene is not just diffusing to the surface and adsorbing there. Second, the amount
of CO2 produced photocatalytically in air (as shown previously in Table 5.3), is greater than the
total mass of naphthalene (surface + gas-phase) at the start of the experiment. Therefore, the
CO2 produced as a reaction product in the experiment cannot accurately be quantified due to the
magnitude of CO2 produced by the destruction of the surface material itself.

Table 5.3 Results of CO2 experiments conducted in the absence of naphthalene
Material

Mass of CO2 produced (µg)

Thin Interior Paint

2295

Thick Sunscreen

2841
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Table 5.4 Naphthalene (carbon) mass balance for the photocatalytic reactions (in µg carbon)

Sunscreen Thin,
70% RH
Sunscreen Thick,
70% RH
Interior Thick,
70% RH
Exterior Thin,
70% RH
Exterior Thick,
70% RH

Surface
Initial
2.20

GasPhase
Initial
15.45

TOTAL
Initial
17.65

Surface
Final
4.61

GasPhase
Final
0.70

Surface
Reaction
Products
0.53

TOTAL
Final
5.84

Initial Final
11.81

29.83

15.71

45.54

7.67

0.52

1.66

9.85

35.69

31.80

15.55

47.34

17.31

0.65

--

17.97

29.38

48.64

16.39

65.03

50.84

0.48

--

51.33

13.70

48.65

15.68

64.33

50.86

0.40

--

51.26

13.07

5.8 Discussion

As paint and sunscreen are complex mixtures of polymers, solvents, pigmintary agents,
stabilizers, and photosensitizers, a complete reaction mechanism cannot presently be proposed.
However, due to the high concentration of TiO2 nanoparticles in the formulation, combined with
the well-known photocatalytic activity of titanium dioxide, several reasonable conclusions can be
drawn to interpret the experimental data collected herein (Fox and Dulay 1993; Linsebigler et al.
1995).
5.8.1 Reaction Kinetics

At 30% relative humidity, pore diffusion resistance to mass transfer dominates the
system, for both types of paint and sunscreen. Rate constants at 30% relative humidity for “thin”
surfaces are always faster than for “thick” surfaces. For porous paint materials, thicker surfaces
imply deeper pores, which means that a naphthalene molecule must diffuse farther within the
material and deeper inside the pore to reach a TiO2 nanoparticle. For non-porous sunscreen
surfaces, which also have a lower titanium dioxide nanoparticle content, naphthalene must
diffuse deeper inside the material to encounter a photocatalyst particle and react. This additional
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diffusion resistance retards the naphthalene reaction kinetics, and is reflected in the observed rate
constants.
Even though the titanium dioxide content of paint is substantially higher than that of
sunscreen, reaction rates on sunscreen surfaces, thick or thin, are significantly faster than those
on paint at any thickness. This is a consequence of the different phases of TiO2 nanoparticles
used in paint and sunscreen. The anatase titanium dioxide used in sunscreen is widely accepted
to have much greater photocatalytic activity, especially in the UV regime, than the rutile TiO2
particles used in paint. A more active photocatalyst, combined with a high specific surface area,
results in much faster reaction kinetics on sunscreen, even in the presence of fewer total
particles.
At 70% relative humidity, the generation of surface hydroxyl radicals which can react
with surface adsorbed naphthalene dominate the system, and the effects of mass-transfer
resistance are less pronounced. For interior paint, exterior paint, and sunscreen, rate constants
for “thin” and “thick” surfaces are statistically indistinguishable; “thin” rate constants lie within
the error bars of the “thick” rate constants, and vice versa, for each material. It is also likely that
with such a high concentration of water vapor in the system, some of the water condenses inside
the pores of the paint surfaces, which makes the photocatalyst particles in these pores
unavailable for reaction, and further serves to reduce both the reaction mass transfer resistance as
well as the amount of TiO2 available for reaction. At high relative humidity, the reaction is now
controlled by the rate of hydroxyl radical generation and naphthalene adsorption on the
photocatalyst surface.
The mechanism of hydroxyl generation on photoactive TiO2 surfaces is well-known
(Anpo et al. 1985; Ishibashi et al. 1998; Fujishima et al. 2000; Ishibashi et al. 2000). As water
vapor diffuses to the TiO2 nanoparticles in the presence of UV light, photogenerated holes on the
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titanium dioxide surface split the water into hydrogen ions and hydroxyl radicals, which
subsequently attack the surface-adsorbed naphthalene. As the relative humidity of the system
increases, the hydroxyl radical generation rate also increases, and the naphthalene molecules are
more readily attacked by the photo-generated hydroxyl radicals at 70% relative humidity than at
30% relative humidity. These results are in excellent agreement with other studies which have
demonstrated faster photoreaction kinetics with increasing relative humidity (Kakinoki et al.
2004).
5.8.2 Fraction of Available TiO2 and Mass Transfer Limited Reaction Kinetics

Percentage of available TiO2, defined as the ratio of TiO2 mass (or particles) on the top,
exposed surface of the material as well as the pore walls, to the total mass (or particles) of TiO2
in the thickness of the material layer, is shown in Table 5.5. A figurative illustration of
“available” TiO2 is shown in Figure 5.24. In this figure, particles (a) on the top, exposed surface
of the material, and particles (b) on the pore walls are available for naphthalene to diffuse to the
particle surface and react. Particle (c), which is trapped in the bulk of the material and cannot be
reached by diffusion of the gaseous species, is not available for reaction in a paint layer.
Results in Table 5.5 indicate that for all materials, the amount of TiO2 actually available
on the material surface or on the walls of the pores (for paint systems only) is less than 1% of the
total TiO2 in the entire layer. While the values reported above are accepted to be a conservative
estimate, this is still an astounding result, considering the significant reactivity of the paint and
sunscreen surfaces shown previously. The results also follow the expected trends, with available
TiO2 decreasing as material thickness increases; as the material layer becomes larger, most of the
TiO2 nanoparticles are within the bulk of the layer, and not on a surface or inside a pore. The
drop-off in available TiO2 with increasing material thickness also likely contributes to the
decrease in reactivity as the material layers become thicker.
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Figure 5.24 Illustration of bulk and available TiO2 in paint

Table 5.5 Percentage of titanium dioxide available for
reaction in paint and sunscreen layers
Material

Percentage TiO2

Exterior Paint – Thin

0.38%

Exterior Paint – Thick

0.14%

Interior Paint – Thin

0.29%

Interior Paint – Thick

0.04%

Sunscreen – Thin

0.27%

Sunscreen – Thick

0.14%

The Thiele Modulus, effectiveness factor, and Weisz-Prater criterion for the exterior and
interior paint systems are given in Table 5.6. The Weisz-Prater criteria are all much greater than
unity, confirming that the reactions are indeed diffusion limited.
In all cases, the calculated Thiele Modulus increases as the material thickness increases,
reflecting the stronger mass transfer (pore diffusion) resistance for thicker materials. The
increase in the Thiele Modulus and Weisz-Prater criterion, and corresponding decrease in
effectiveness factor at 70% relative humidity relative to 30% relative humidity, suggests that the
experiments at 70% relative humidity are more strongly diffusion limited than those at low
relative humidity. This also supports the capillary condensation hypothesis, which postulates
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that, as relative humidity increases, water vapor begins to condense and partially blocks some of
the pores from being accessible to gas-phase reactants.
If the reaction at 70% relative humidity is subject to greater mass transfer resistance than
that at 30% relative humidity, a logical conclusion to explain the increased reaction rate at high
relative humidity is the dominance of hydroxyl radical production on the surface of the
photocatalyst relative to naphthalene diffusion within the pores of the paint material. If the
hydroxyl radical production by water photolysis on the surface of the TiO2 nanoparticles at high
relative humidity is sufficiently fast, hydroxyl groups are likely produced faster than the
naphthalene can diffuse within the pores of the material, which implies that the naphthalene now
needs only to diffuse and adsorb to the TiO2 nanoparticles on the top, exposed surface of the
paint layers to be degraded, and not further within the pores of the material.

Table 5.6 Thiele modulus, effectiveness factor, and Weisz-Prater criterion for
paint systems used in these experiments
Material

Thiele Modulus
φ

Effectiveness Factor
η

Weisz-Prater Criterion
CWP

30% Relative Humidity
Exterior Paint – Thin

21.5

0.046

21.5

Exterior Paint – Thick

30.4

0.033

30.4

Interior Paint – Thin

84.8

0.012

84.8

Interior Paint – Thick

158

0.006

158

70% Relative Humidity
Exterior Paint – Thin

23.7

0.042

23.7

Exterior Paint – Thick

43.1

0.023

43.1

Interior Paint – Thin

88.4

0.011

88.4

Interior Paint – Thick

212

0.005

212
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5.8.3 Naphthalene Half Life and Fractional Conversion

The fast half lives calculated for the reactions on paint and sunscreen surfaces shown in
Table 5.2, reflect the overall kinetics previously discussed with the rate constants. Short half
lives, most under 30 minutes, reinforce that the degradation of naphthalene on paint and
sunscreen surfaces is very rapid. In addition, the high fractional conversions demonstrate the
efficiency of the sunscreen over paint-coated surfaces in destroying gas-phase naphthalene. It
should be noted that naphthalene fractional conversions on paint approach greater than 96%
when the entire two and a half hour reaction time is considered. The conversions reported in
Table 5.2 are for 70 minutes, which is the shortest reaction time of any experiment. Titanium
dioxide nanoparticles had been previously shown to be very effective in degrading small organic
molecules, such as NOx and formaldehyde (Allen et al. 2005; Allen et al. 2008). Results of the
current experiments indicate that paint and sunscreen surfaces containing TiO2 nanoparticles, are
also effective photocatalysts for degrading larger, semi-volatile organic compounds, such as
naphthalene.
5.8.4 Reaction Products

Because the naphthalene mass balance could not be closed, the question of determining
the major naphthalene photodegradation products remains unresolved. While small amounts of
surface adsorbed products were quantified, it is expected that the majority of reaction products
will be gaseous species, either organic naphthalene partial oxidation products, or CO2 (Ohko et
al. 1998; Soana et al. 2000; Allen et al. 2008). In this regard, the potential reaction products of
naphthalene photocatalytic degradation results in a paradox. Partial oxidation products, such as
quinones and aldehydes, are highly toxic and are more dangerous to human health than
naphthalene. Carbon dioxide, while not as toxic as the possible organic byproducts, is a
greenhouse gas. If it is being produced by paint and sunscreen surfaces in large quantities, it
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may play a very important role in atmospheric chemistry as a greenhouse gas. Clearly, more
research is needed to fully quantify the photocatalytic reaction products.
5.8.5 Quantum Yield

The quantum yield shown in Figure 5.23 demonstrates that the conversion efficiency of
TiO2 nanoparticles in sunscreen is greater than that for those in paint, on a unit mass of catalyst
basis. This result is consistent with the XRD analysis, which showed that the predominant TiO2
phase in sunscreen is anatase, whereas that in paints is rutile. Because anatase TiO2 has a much
greater photocatalytic activity than rutile TiO2, the conversion of naphthalene on sunscreencoated surfaces should be more efficient. The quantum yield results demonstrate that a greater
fraction of the UV light incident on a sunscreen-coated surface is used to drive the photocatalytic
reaction than on paint-coated surfaces.
5.9 Conclusions

Experiments conducted with gas-phase naphthalene on paint- and sunscreen-coated
surfaces in batch reactors have demonstrated the significant photoactivity of these surfaces upon
illumination by UV light. Several key conclusions can be drawn with regards to the
environmental chemodynamics and implications of photoactive paint and sunscreen materials.
First, background experiments demonstrated that UV light illumination is necessary to
activate the paint and sunscreen materials for photocatalytic reactions. During the daytime,
when incident solar insolation is strong, the UV light condition is always met. Therefore,
ambient pollutants which can diffuse to the surface of a paint or sunscreen coated object can be
degraded. If the dominant reaction products are partially oxidized species, this results in a series
of compounds which decrease the local ambient air quality, and may be hazardous to human
health or other biota.
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Secondly, if the dominant reaction product is CO2, or, if as demonstrated here as well as
by others that the paint or sunscreen surface is itself being degraded to CO2, this may also
severely impact both air quality and atmospheric chemistry by production of this greenhouse gas
(Tatsuma et al. 2001; Christensen et al. 2002; Jin et al. 2006a; Jin et al. 2006b). One needs only
consider the large quantity of anthropogenic surfaces worldwide that are covered with paint
containing titanium dioxide nanoparticles, to begin to understand the magnitude of the problem
that could be created if all painted material was being degraded and carbon dioxide produced.
Next, as we have shown, interior paint is just as photocatalytically reactive as exterior
paint, and thus may play an important role in indoor air quality. While the intensity of UV light
reaching interior surfaces is not expected to be as strong as that reaching outdoor surfaces, the
intensity is likely still sufficient to activate the titanium dioxide nanoparticles and drive the
reactions of indoor air pollutants (Jin et al. 2006a). Partially oxidized reaction products would be
of great importance indoors, due to the potential for direct exposure and greater accumulation
than in outdoor, better ventilated areas.
A key consequence of sunscreen’s demonstrated photoactivity implies that
photochemical reactions are likely occurring on the surface of a person’s skin, while engaging in
activities outdoors after the application of sunscreen. In this way, the surface of the human body
becomes a substrate for a photocatalytic reactor! In addition to the potential for toxic reaction
products to be generated on the skin surface, or very near the face where they may be easily
inhaled, several studies have demonstrated the propensity of titanium dioxide nanoparticles to
generate reactive oxygen species (ROS) on the surface of the skin (Long et al. 2006; Nel et al.
2006; Wedin 2006; Wiesner et al. 2006). These reactive oxygen species, as well as the titanium
dioxide nanoparticles alone, have been shown to cause great damage to human skin and cells
(Chianelli et al. 1998; Donaldson et al. 2001; Rothen-Rutishauer et al. 2006).
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The percentage of TiO2 initially available for the reaction in paint and sunscreen layers,
relative to the amount potentially available is extremely low. As the paint or sunscreen materials
surrounding the titanium dioxide particles are weathered or abraised, greater quantities of TiO2
nanoparticles become available for reaction, on the surface as well as in the aerosol or particulate
phases. A greater amount of photocatalyst, combined with the reduction or elimination of porediffusion mass transfer resistance, would imply that the reaction rate of a gaseous species on the
surface of aerosolized TiO2 nanoparticles would be significantly faster than the surface reaction
rates observed herein. The gas-phase reaction on aerosolized TiO2 is likely to be kinetically rate
limited, rather than diffusion mass transfer limited as was determined for the surface reactions.
Clearly, the environmental chemodynamics of paint and sunscreen photoactivity are not
completely understood. However, the evidence presented through this study, as well as by
others, points to great caution in using these materials in large quantities. The long-term fate and
behavior of paint and sunscreen, as well as their associated TiO2 nanoparticles, including the
photocatalyst lifetime and major reaction products, should be studied in much greater detail,
before concluding that these materials are “safe” for widespread commercial use.
5.10
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
6.1 Conclusions
6.1.1 Fine Particle Chemodynamics
Sediments deposited inside homes by Hurricane Katrina floodwaters were collected and
analyzed to determine the types and quantities of metal and organic pollutants present. Indoor
pollutant concentrations were often found to exceed outdoor measured values in floodwaterdeposited sediment, as well as applicable EPA and Louisiana Department of Environmental
Quality screening standards. Greater in-home pollutant loadings are believed to be directly
correlated with the particle size distribution of in-home sediments. Because the indoor sediments
are overwhelmingly dominated by fine silt and clay particles, which have a greater quantity of
mineral adsorption sites and natural organic matter than coarse particles, metal and organic
contaminants are highly concentrated in this fraction.
Two models were developed to analyze the distribution of in-home contaminants in
Katrina-flooded homes after floodwaters had been pumped out. A worst-case, thermodynamic
equilibrium model was constructed to evaluate the partitioning of sediment pollutants among the
sediment, gas-phase, and mold films and spores inside the home. Consideration of the wet
sediment worst-case condition allows the maximum possible concentrations in the gas-phase to
be computed. Model results indicated that concentrations of volatiles and some semi-volatile
species, such as pesticides and esters, could be quite elevated in the vapor phase. Model
solutions also confirmed the hypothesis that the mold phases inside the home are an important
organic phase which can act as a sink for semi-volatile compounds from the air. Mold spore
aerosol and gaseous pollutants inside flooded homes were found to be a significant exposure
source for persons working inside the homes. Inhalation exposure to hazardous chemicals can
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result from breathing in pollutants in the gas-phase or loaded onto mold spores, even if persons
never have any dermal contact with contaminated sediments or mold films.
Due to the significant gas- and mold-phase concentrations predicted by the equilibrium
model, a second chemodynamic model was developed in order to more accurately predict the
fate and behavior of pollutants inside flooded homes over both a short- and long-range period.
This unsteady-state chemodynamic model accounts for transient flux of organic chemicals at the
sediment-air interface, gas-phase chemical reactions with hydroxyl, ozone, and NOx, and
ventilation of the vapor space inside the home by air exchange with outdoor air. Results of the
unsteady-state model revealed that volatile species are present in very high concentrations in the
sediment and vapor phases in the initial days and weeks after the storm, before decaying
exponentially to values below measurable quantities within 1-2 years. Semi-volatile species
were found to have nearly constant sediment-to-air flux, and thus reach steady-state
concentrations very quickly in all phases (sediment, air, mold). Thus, semi-volatile compounds
will still be present in the multiple indoor phases inside flooded homes, and can function as a
source of exposure to hazardous chemicals as well as compound disposal issues, even many
years after the storm has passed.
6.1.2 Ultrafine Particle Chemodynamics
The interaction of semi-volatile organic pollutants with ultrafine particles was explored
through an experimental analysis of the reactivity of gaseous naphthalene on paint- and
sunscreen-coated surfaces containing titanium dioxide nanoparticles. In the presence of UV
light, surface reactions were found to occur very quickly, with naphthalene half-lives frequently
shorter than 30 minutes. Experimentally measured reaction rates varied as functions of both
surface coating thickness and air relative humidity. Varying the paint or sunscreen material
thickness affects the mass transfer characteristics of the process, and reactions on thinner
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surfaces were found to be faster than reactions on thicker surfaces. Relative humidity also
affects the process by changing the amount of photocatalytically produced hydroxyl radicals
available to attack and degrade the surface-adsorbed naphthalene. Observed reaction rates
increased with increasing relative humidity, due to the greater production of surface hydroxyl
radicals under these conditions. Titanium dioxide crystalline phase was also shown to be an
important factor, as the TiO2 nanoparticles in sunscreen are anatase, which were observed to
degrade gaseous naphthalene more quickly than the rutile TiO2 in paints.
6.2 Future Research
Experimental data are needed for several parameters to further refine the chemodynamic
models for in-home pollutants presented here. At the present time, mold – gas partition
coefficients are calculated from theoretical correlations of data for organic films. Experiments
are needed which can generate the relevant thermodynamic and mass transport parameters which
describe the uptake of vapor phase organic chemicals by mold. Such data are not only relevant
to the current model, but are a key next step in understanding the ability of mold to function as a
partitioning and transport medium for hazardous pollutants.
Measurements of the air exchange rate on actual homes or on laboratory microcosms
using gas tracer studies could also supply some of the missing data on this parameter for wellsealed homes in the absence of forced ventilation. The current model uses two values of the air
exchange rate in an attempt to bracket a range of home ventilation conditions. Very little data is
available in the literature regarding the measurement of this parameter for homes without air
conditioning, fans, or open doors and windows. The air exchange rate, as shown in this study, is
the critical parameter in modeling indoor air pollution. The air exchange rate directly or
indirectly influences the chemical flux from the sediment, and directly controls the residence
time of chemicals in the gas-phase. Thus, accurate measurements of this parameter are
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important, not only for the current study, but also for future advances in modeling the
chemodynamic behavior of indoor pollutants.
Kinetic degradation experiments for volatile and semi-volatile compounds on paint- and
sunscreen-coated surfaces should be carried out for a wider variety of compounds. Once a larger
set of experimental data is available, correlations may be drawn as to the reaction rates of a
variety of species as a function of several material properties, such as surface coating thickness,
titanium dioxide content, ambient relative humidity, and more. A kinetic reaction mechanism
may also be proposed if experiments which directly probe the interactions of chemicals and
ultrafine particles at the surface can be carried out. A broader set of data would also enable a
surface reaction term to be included in chemodynamic models, such as the unsteady-state model
presented here, in order to account for the degradation of organic species in the gas-phase by
photocatalytic reaction on the indoor painted walls.
As paint- and sunscreen-coated surfaces weather or are physically abraised, particulates
will be released to the air which can become aerosolized or resuspended by wind. In their
aerosolized form, photocatalytic particles now have the potential to be transported over a wide
area, as well as degrade organic pollutants in the air more quickly due to a decreased mass
transfer resistance. Both can directly influence the local air quality due to the presence of
aerosolized TiO2 nanoparticles, as well as by the chemical products produced by the
photocatalytic reaction. Experimental determination of reaction rates and products on
aerosolized TiO2 ultrafine particles are needed.
Finally, results of this study have indicated that paint and sunscreen matrix degradation to
CO2 may be occurring at the interface between these materials and TiO2 ultrafine particles.
Much further work is needed to understand the extent of CO2 production from these surfaces.
Questions must be answered as to whether or not the results observed are a short- or long-term
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impact. Short-term CO2 production may indicate that leftover solvent and other organic small
molecules within the matrix are being oxidized to CO2. Long-term production would tend to
indicate that the polymer matrix itself is being attacked and destroyed by photocatalytic ultrafine
particles. Once longevity experiments are carried out, more accurate estimates can be made as to
the CO2 production from painted surfaces.
Interactions of particles and chemicals play an important role in controlling chemical
transport and transformations in the environment. The work presented here has broken new
ground in our understanding of in-home pollutant behavior and the photocatalytic destruction of
gaseous organic chemicals on common surfaces. Clearly, much remains to be done to continue
to advance our understanding of fine and ultrafine particle environmental chemodynamics.
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APPENDIX A
ACID DIGESTION AND CALCULATION PROCEDURE
FOR SEDIMENT, PAINT, AND SUNSCREEN
A.1 Equipment Preparation
1.) Soak Teflon™ sample tubes and plastic funnels overnight in a wash pan containing a
solution of tap water and Contrad® cleaning solution.
2.) Clean with tube brush, rinse twice with tap water and four times with deionized water.
3.) Place tubes in oven for two hours to dry, then remove. Funnels can be air-dried
overnight.
A.2 Sample Preparation
A.2.1 Sediment
1.) Set aside a portion of sediment sample for moisture content analysis.
2.) Weigh 0.25 g of sediment into Teflon™ sample tubes, except for 3 – 4 tubes which are
for method blanks.
3.) To all tubes, add 10.0 mL of 70 % nitric acid (Fisher Scientific, trace metals grade).
4.) Cap each tube with its lid, ensuring that the vent valve on each lid is left slightly opened.
A.2.2 Paint and Sunscreen
1.) Weigh 0.1 g of paint or sunscreen sample into Teflon™ sample tubes (for microwave
digestion), except for 3 – 4 tubes which are for method blanks.
2.) To all tubes, add a mixture of acids as follows:
a. For paint digestion:
i. 2.0 mL of 70% HNO3 (Fisher Scientific, trace metals grade)
ii. 1.0 mL of 48% HF (EMD, ACS grade)
iii. 2.0 mL of 96% H2SO4 (Mallinckrodt, trace element grade)
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b. For sunscreen digestion:
i. 4.0 mL of 70% HNO3 (Fisher Scientific, trace metals grade)
ii. 5.0 mL of 48% HF (EMD, ACS grade)
iii. 2.0 mL of 96% H2SO4 (Mallinckrodt, trace element grade)
c. Note: reaction of the mixed acids with the paint or sunscreen is vigorous and
highly exothermic. The bottom of the Teflon tubes will get very hot. Also, use
extreme caution when handling the HF.
3.) After adding all 3 acids, shake each tube on a tube shaker for 30 seconds (Haakebuchler
REAX 2000, speed = 8)
4.) Allow tubes to stand uncapped under the fume hood overnight to cool/vent
5.) After standing overnight, shake each tube again with the tube shaker for 30 seconds
6.) Cap each tube with its lid, ensuring that the vent valve on each lid is left slightly opened.
A.3 Acid Digestion
1.) Cap the tubes for microwave digestion and evenly distribute in the sample tray
2.) Load sample tray into microwave (Anton Paar Multiwave 3000)
a. For sediment: select EPA Method 3051 and run
b. For paint or sunscreen: select EPA Method 3052 and run
3.) Allow samples to cool for 2 hours after completion of microwave digestion before
proceeding
A.3.1 Sample Dilution
A.3.1.1 Sediment
1.) After digestion extracts have cooled, transfer contents of Teflon™ sample tubes to 50 mL
Corning® centrifuge tubes using funnels with Whatman® Filter Paper # 42 (125 mm) to
filter sediment from extract.
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2.) Rinse the filter paper and funnel three times with a solution of 3% HNO3.
3.) Finish diluting the sample to a final volume of 50.0 mL with 3% HNO3. Shake well.
4.) Dilute further from the 50 mL solution as needed to bring the sample concentration in
range of the linear calibration for the ICP-MS. For our group this range is 0-500 ppb. To
get our samples into this range, we must:
a.) Take 1.0 mL from the 50 mL tube, and add to a 15 mL Corning® centrifuge tube;
dilute this volume to 10.0 mL with 3% HNO3. Shake well. This is the sample to
be analyzed on the ICP-MS.
A.3.1.2 Paint and Sunscreen
1.) After digestion extracts have cooled, transfer contents of Teflon™ sample tubes to 50 mL
Corning® centrifuge tubes using funnels
a. Contents cannot be easily filtered because HF eats through the filter paper;
however, we have achieved complete destruction of the paint and
sunscreen material such that no visible solids remain after microwave
digestion, so sample filtration is unnecessary.
2.) Rinse the funnel three times with a solution of 3% HNO3.
3.) Dilute centrifuge tube volume to 50 mL with 3% HNO3.
4.) Dilute further from the 50 mL solution as needed to bring the sample concentration in
range of the linear calibration for the ICP-MS. For our group this range is 0-500 ppb. To
get our samples into this range:
a.) For paint, dilute twice
i.

Take 1.0 mL from the 50 mL tube, and add to a 15 mL Corning®
centrifuge tube; dilute this volume to 10.0 mL with 3% HNO3.
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ii.

Take 96 µL from the 15 mL tube, and add to a new 15 mL Corning®
centrifuge tube; dilute this volume to 10.0 mL with 3% HNO3. This is the
sample to be analyzed on the ICP-MS.

b.) For sunscreen, dilute once
1.) Take 1.0 mL from the 50 mL tube, and add to a 15 mL Corning®
centrifuge tube; dilute this volume to 10.0 mL with 3% HNO3. This is the
sample to be analyzed on the ICP-MS.
A.4 Sample Processing
1.) To each sample to be analyzed on the ICP-MS, add two internal standards as follows:
a. 20 µL Single-Element Internal Standard (SPEX CertiPrep Inc., Metuchen, NJ)
b. 20 µL Multi-Element Internal Standard (SPEX CertiPrep Inc., Metuchen, NJ)
2.) Shake samples well.
3.) Prepare instrument calibration standards in 50 mL Corning® centrifuge tubes, according
to the table below, using Single-Element and Multi-Element Internal Standards, as well
as Instrument Calibration Standard 2 solution (SPEX CertiPrep Inc., Metuchen, NJ)

Table A.1 Preparation of ICP-MS calibration standards
Standard

Volume
ISC2
Solution
(µL)

Volume each
Internal Standard
(Single- and MultiElement) (µL)

Final
Solution
Volume with
3% HNO3

Blank

0

100

50 mL

20 ppb

10

100

50 mL

50 ppb

25

100

50 mL

100 ppb

50

100

50 mL

500 ppb
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100

50 mL

Notes: ISC2 = Instrument Calibration Standard 2
(SPEX CertiPrep Inc., Metuchen, NJ)
ppb = parts per billion, µg metal / L solution
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4.) Load samples and ICP calibration standards into the ICP-MS auto sampler tray. Process
according to EPA Method 6020.
A.4.1 Quality Control
1.) Linear calibrations for all metals to be analyzed should be generated by the ICP-MS, with
R2 values greater than 0.98. If the correlation coefficient is less than 0.98, re-make the
instrument calibration standards and run them again before analyzing the samples.
2.) Method blanks described previously should be handled and processed according to
identical methods and techniques as those used for the samples.
a. After samples have been analyzed on the ICP-MS, metal concentrations in the 3 –
4 method blanks should be averaged, and the result subtracted from the measured
concentrations in the samples.
3.) Determination of percent recovery must be carried out, so that measured concentrations
on the ICP-MS may be adjusted. Percent recovery analysis is performed to account for
incomplete digestion/extraction of the metals of interest.
a. For Sediment:
i. Spike a sediment sample with a known amount of metal. Follow identical
digestion procedure and analyze on ICP-MS. Difference between the
measured mass of metal and the known, starting mass gives the percent
recovery.
b. For Paint/Sunscreen:
i. Digest known amounts of the pure powders of TiO2, Al2O3, and ZnO,
according to the procedure given above. Analyze on ICP-MS. Difference
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between the measured mass of metal and the known, starting mass of metal
oxide gives the percent recovery for the metal oxide.
ii. It is important to note that the ICP-MS method is for trace metals, not metal
oxides. We calculate the TiO2, Al2O3, and ZnO concentrations in paint or
sunscreen by assuming that all of the measured Ti, Al, and Zn are present as
TiO2, Al2O3, and ZnO, respectively. We believe this is a reasonable
assumption for these materials.
A.5 Calculations
A.5.1 Sediment
1.) The sediment concentration of a particular metal is given by equation (A-1):

ws =

0.5Cm
msed (1 − f )

(A-1)

where
ws = sediment loading of metal (mg kg-1 dry sediment)
Cm = measured concentration of metal in extract solution by ICP-MS (ppb)
msed = mass of sediment in the sample tube used for the digestion (g)
f = moisture fraction of the sediment being analyzed
A.5.2 Paint and Sunscreen

1.) Concentrations of metal oxides in paint and sunscreen samples are calculated according
to equations (A-2) or (A-3), depending on if the processed sample was diluted once or
twice after microwave digestion
a. For single dilution (sunscreen samples)
Cmo =

0.5Cm
msample
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(A-2)

where
Cmo = Concentration of metal oxide in the sample (mg kg-1)
Cm = measured concentration of metal in extract by ICP-MS (ppb)
msample = sample mass in tube used for digestion experiment (g)
b. For double dilution (paint samples)
Cmo =

52.08Cm
msample

(A-3)

where
Cmo = Concentration of metal oxide in the sample (mg kg-1)
Cm = measured concentration of metal in extract by ICP-MS (ppb)
msample = sample mass in tube used for digestion experiment (g)
2.) Also note that paint and sunscreen reported concentrations, unlike sediment, are given on
a wet weight basis, rather than a dry weight basis. This is done to calculate the
concentrations of metal oxides in the formulation as they would exist in the container of
paint or sunscreen.
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APPENDIX B
MEASURED METAL CONCENTRATIONS FOR IN-HOME SEDIMENTS AND
EPA SEDIMENT SCREENING STANDARDS

Table B.1 Concentrations of all metals detected in sediment samples from home # 1
(mg kg-1 dry sediment)
Metal

1

2

Ag
As
Ba
Be
Cd
Co
Cr
Cu
Fe
Mn
Mo
Ni
Pb
Sb
Se
Sn
Sr
Tl
V
Zn

5.3 ± 0.1
61.9 ± 1.2
224 ± 6.7
1.0 ± 0.1
129 ± 1.3
43.6 ± 1.3
46.1 ± 0.9
432 ± 8.6
14800 ± 297
402 ± 12.1
7.0 ± 0.4
47.3 ± 0.9
279 ± 5.6
7.6 ± 2.7
3.4 ± 0.1
2.6 ± 0.1
140 ± 2.8
0.7 ± 0.1
70.8 ± 1.4
26100 ± 521

2.2 ± 0.1
57.8 ± 1.2
311 ± 9.4
0.8 ± 0.1
176 ± 1.8
57.1 ± 1.7
56.2 ± 1.1
362 ± 7.2
16800 ± 336
526 ± 15.8
2.9 ± 0.1
34.3 ± 0.7
248 ± 5.0
2.3 ± 0.8
2.7 ± 0.1
2.8 ± 0.1
261 ± 5.2
0.5 ± 0.1
56.0 ± 1.1
13500 ± 270

Home # 1
3
2.8 ± 0.1
62.9 ± 1.3
290 ± 8.7
1.1 ± 0.1
176 ± 1.8
52.9 ± 1.6
48.0 ± 1.0
383 ± 7.7
15500 ± 311
409 ± 12.3
1.9 ± 0.1
39.3 ± 0.8
290 ± 5.8
1.0 ± 0.3
2.6 ± 0.1
1.3 ± 0.1
156 ± 3.1
0.5 ± 0.1
65.0 ± 1.3
11600 ± 232
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4

5

2.3 ± 0.1
106 ± 2.2
333 ± 10.0
1.1 ± 0.1
1250 ± 12.5
65.6 ± 2.0
45.6 ± 0.9
662 ± 13.2
19900 ± 398
393 ± 11.8
22.6 ± 1.1
113 ± 2.3
360 ± 7.2
0.5 ± 0.2
19.1 ± 0.2
2.1 ± 0.1
160 ± 3.2
0.6 ± 0.1
70.9 ± 1.4
13900 ± 277

1.7 ± 0.1
43.3 ± 0.9
363 ± 10.9
0.8 ± 0.1
176 ± 1.8
40.5 ± 1.2
39.6 ± 0.8
313 ± 6.3
14500 ± 289
442 ± 13.3
2.7 ± 0.1
47.3 ± 0.9
192 ± 3.9
0.3 ± 0.1
1.9 ± 0.1
1.5 ± 0.1
291 ± 5.8
0.3 ± 0.1
55.2 ± 1.1
17500 ± 349

Home # 1
Average
2.9
66.4
304
0.9
381
51.9
47.1
430
16300
434
7.4
56.2
274
2.4
6.0
2.1
202
0.5
63.6
16500

Table B.2 Concentrations of all metals detected in sediment samples from home # 2
and U.S. EPA Regulatory screening levels (mg kg-1 dry sediment)
U.S. EPA Regulatory Values
Metal
HHSSL
HPBL

Home # 2
Metal

2-1

2-2

Ag
As
Ba
Be
Cd
Co
Cr
Cu
Fe
Mn
Mo
Ni
Pb
Sb
Se
Sn
Sr
Tl
V
Zn

2.7 ± 0.1
222 ± 4.5
206 ± 6.2
0.9 ± 0.1
99.6 ± 1.0
36.9 ± 1.1
44.5 ± 0.9
344 ± 6.9
15900 ± 318
221 ± 6.6
12.8 ± 0.6
37.1 ± 0.7
796 ± 15.9
8.0 ± 2.8
2.9 ± 0.1
21.3 ± 0.4
109 ± 2.2
1.13 ± 0.1
50.4 ± 1.0
7570 ± 151

1.7 ± 0.1
166 ± 3.3
320 ± 9.6
0.7 ± 0.1
108 ± 1.1
47.3 ± 1.4
24.5 ± 0.5
262 ± 5.3
17700 ± 354
350 ± 10.5
8.2 ± 0.4
37.5 ± 0.8
2210 ± 44.2
4.8 ± 1.7
14.1 ± 0.1
15.4 ± 0.3
79.9 ± 1.6
0.719 ± 0.1
39.6 ± 0.8
8580 ± 172

Ag
As
Ba
Be
Cd
Co
Cr
Cu
Fe
Mn
Mo
Ni
Pb
Sb
Se
Sn
Sr
Tl
V
Zn

391.1
21.6
15642.3
154.4
39.0
902.9
210.7
2905.1
23000.0
3239.3
391.1
1564.3
400.0
31.3
391.1
46928.6
46928.6
5.5
78.2
23464.3

LPBL = US EPA Region 6 Low Priority Bright Line Screening Levels http://www.epa.gov/earth1r6/6pd/rcra_c/pd-o/00cas6hq1.xls
HPBL = US EPA High Priority Bright Line Screening Levels http://www.epa.gov/earth1r6/6pd/rcra_c/pd-o/00cas4hq10-3.xls
Accessed 05/30/2007
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1173.2
64.9
16124.8
1543.7
389.8
33538.7
21067.5
29051.0
100000.0
32392.9
3910.7
15642.9
400.0
312.9
1173.2
100000.0
100000.0
n/a
5475.0
70392.9

APPENDIX C
SUPPLMENTAL DATA FOR THERMODYNAMIC
EQUILIBRIUM MODEL OF CHAPTER 3
Table C.1 Thermophysical parameters at 298 K from EPI Suite®
Chemical
Alkanes
Docosane
Eicosane
Heptadecane
Hexacosane
Nonacosane
Octacosane
Pentacosane
Tetracosane
Triacontane
Tricosane
Aldehydes
Nonanal
Esters
Bis (2-ethylhexyl) phthalate
Diethyl phthalate
Phthalic anhydride
Organic Acids
Nonanoic Acid
Oleic Acid
Pesticides
Chlordane
Dieldrin
Diethyltoluamide (DEET)
PAH
Fluoranthene
Volatiles
Trimethyl benzenes
1,2,3
1,2,4
1,3,5
1-ethyl-2-methyl benzene

log KOC
(L kg-1)

H
(atm m3 mol-1)

6.43
5.90
5.10
7.49
8.29
8.02
7.22
6.96
8.55
6.69

159
90.2
38.5
494
1150
870
372
280
1530
211

2.04

7.34 × 10-4

5.22
2.10
1.04

2.70 × 10-7
6.10 × 10-7
1.63 × 10-8

1.67
4.07

1.15 × 10-6
1.94 × 10-5

4.94
4.03
2.73

4.86 × 10-5
1.00 × 10-5
2.08 × 10-8

4.85

8.86 × 10-6

2.87
2.86
2.85
2.93

4.36 × 10-3
6.16 × 10-3
8.77 × 10-3
5.53 × 10-3

EPI Suite® Version 3.20 is copyright US EPA, 2007.

252

Table C.2 Physical property data at 298 K
Chemical
Alkanes
Docosane
Eicosane
Heptadecane
Hexacosane
Nonacosane
Octacosane
Pentacosane
Tetracosane
Triacontane
Tricosane
Aldehydes
Nonanal
Esters
Bis (2-ethylhexyl) phthalate
Diethyl phthalate
Phthalic anhydride
Organic Acids
Nonanoic Acid
Oleic Acid
Pesticides
Chlordane
Dieldrin
Diethyltoluamide (DEET)
PAH
Fluoranthene
Volatiles
Trimethyl benzenes
1,2,3
1,2,4
1,3,5
1-ethyl-2-methyl benzene

PSAT (Pa)

Ref.

log KOA

Ref.

2.6 × 10-4
3.0 × 10-3
3.0 × 10-2
5.0 × 10-6
9.0 × 10-8
2.1 × 10-7
1.2 × 10-5
3.3 × 10-5
8.5 × 10-9
2.3 × 10-3

Goss 99
Goss 99
Goss 99
Goss 99
Goss 99
Goss 99
Goss 99
Goss 99
Goss 99
EPI Suite

7.3
6.6
5.5
8.8
9.9
9.5
8.4
8.1
10.3
7.7

est – EPI Suite
est – EPI Suite
est – EPI Suite
est – EPI Suite
est – EPI Suite
est – EPI Suite
est – EPI Suite
est – EPI Suite
est – EPI Suite
est – EPI Suite

47.9

Goss 99

4.8

est – EPI Suite

2.6 × 10-5
2.2 × 10-1
6.9 × 10-2

Mackay
Mackay
EPI Suite

12.6
7.0
7.8

exp – EPI Suite
exp – EPI Suite
exp – EPI Suite

2.2 × 10-1
1.4 × 10-3

EPI Suite
Mackay

7.7
10.4

exp – EPI Suite
est – EPI Suite

1.3 × 10-3
3.8 × 10-4
2.7 × 10-1

Mackay
Mackay
EPI Suite

8.9
8.1
8.3

exp – EPI Suite
exp – EPI Suite
est – EPI Suite

6.4 × 10-3

Mackay

8.9

exp – EPI Suite

217
271
322
330

Mackay
Mackay
Mackay
Mackay

4.4
4.2
3.9
4.2

est – EPI Suite
est – EPI Suite
est – EPI Suite
est – EPI Suite

Goss 99 = Goss & Schwarzenbach (1999). Environ. Sci. Technol. 33: 3390-3393;
Mackay = Illustrated handbook of physical-chemical properties and environmental fate for
organic chemicals, 1992; EPI Suite® Version 3.20 is copyright US EPA, 2007.
“est” = estimated by EPI Suite software, “exp” = experimental value stored in EPI Suite
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Table C.3 Gas – sediment partition coefficients KGS
at 291.3 K (Home 1) and 298 K (Home 2) in alternate units
Chemical

KGS
Home 1
(kg sed m-3 air)

KGS
Home 2
(kg sed m-3 air)

Alkanes
Docosane

28.9

35.2

Eicosane

55.9

68.0

Heptadecane

150

182

Hexacosane

7.77

9.47

Nonacosane

2.88

3.51

Octacosane

4.02

4.90

Pentacosane

10.8

13.2

Tetracosane

15.0

18.3

Triacontane

2.08

2.54

Tricosane

20.8

25.3

Aldehydes
Nonanal

3.28

4.00

Esters
Bis (2-ethylhexyl) phthalate

7.93 × 10-7

9.66 × 10-7

Diethyl phthalate

2.35 × 10-3

2.86 × 10-3

Phthalic anhydride

7.31 × 10-4

8.91 × 10-4

Organic Acids
Nonanoic Acid

1.18 × 10-2

1.44 × 10-2

Oleic Acid

8.08 × 10-4

9.85 × 10-4

Pesticides
Chlordane

2.73 × 10-4

3.32 × 10-4

Dieldrin

4.59 × 10-4

5.59 × 10-4

Diethyltoluamide (DEET)

1.88 × 10

-5

2.29 × 10-5

PAH
Fluoranthene

6.08 × 10-5

7.41 × 10-5

4.38
3.14

5.33
3.82

Volatiles
Trimethyl benzenes
1-ethyl-2-methyl benzene
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APPENDIX D
CALCULATION OF CORRECTED ASPERGILLUS SPORE DENSITY

Aspergillus specific gravity, dry basisa: 0.42 g/cm3
Aspergillus fraction organic carbon (foc)b: 0.39

Calculated specific gravity of organic matter in
mold: 0.16 g/cm3
Assume fraction that is not organic is void space,
and is saturated with water
fH2O: 0.61
Density of water: 1.0 g/cm3
Specific gravity of water in mold spore: 0.61 g/cm3
Adding gives corrected, wet density for
Aspergillus spores: 0.77 g/cm3
a = Panaccione & Coyle (2005). Applied & Environmental Microbiology 71(6), 3106-3111;
b = Porges (1932). Botanical Gazette 94(1), 197-205
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APPENDIX E
MATHCAD™ PROGRAM FOR THE CHEMODYNAMIC
UNSTEADY-STATE MODEL OF CHAPTER 4
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258

259

260

261

262
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APPENDIX F
AIR EXCHANGE RATE EFFECT ON MODEL PREDICTED
GAS-PHASE CONCENTRATIONS
F.1 Uniform Initial Sediment Concentrations

For identical sediment initial concentrations, gas-phase predicted results are always
greater at low air exchange rate, for VOCs or SVOCs; process is air residence time (air exchange
rate) controlled.
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F.2 Non-Uniform Initial Sediment Concentrations

For variable sediment initial concentrations, the maximum gas-phase concentration
corresponds to the largest starting sediment concentration, which is at the high air exchange rate.
For either VOCs or SVOCs with variable sediment initial conditions, the process is sediment
initial concentration controlled.
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APPENDIX G
UVP® SPECTRUM FOR LAMPS USED IN
PHOTOCATALYTIC EXPERIMENTS

From: http://www.uvp.com/pdf/302wf.pdf
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APPENDIX H
LETTERS OF PERMISSION

CHAPTER 2: Figures 2.1 and 2.5

Dear Nick Ashley:
Permission is granted for you to reuse "Sediment Contaminants inside New Orleans, LA Homes
Following Hurricane Katrina," published in the Proceedings of Geocongress 2008:
Geosustanability and Geohazard Mitigation 178: 425-432, in your upcoming doctoral
dissertation at Louisiana State University. Please add a full credit line to the material being
reprinted: With permission from ASCE.

Xi Van Fleet
Senior Manager, Information Services
Publication Division
American Society of Civil Engineers
1801 Alexander Bell Drive
Reston, VA 20191
(703) 295-6278-FAX
PERMISSIONS@asce.org
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CHAPTER 2: PARTICLE AND CHEMICAL CHARACTERIZATION OF SEDIMENTS
INSIDE HOMES FLOODED BY HURRICANE KATRINA
IN NEW ORLEANS, LOUISIANA

Dear Nicholas Ashley
We hereby grant you permission to reprint the material detailed below at no charge in your thesis subject to the
following conditions:
1. If any part of the material to be used (for example, figures) has appeared in our publication with credit or
acknowledgement to another source, permission must also be sought from that source. If such permission is not
obtained then that material may not be included in your publication/copies.
2. Suitable acknowledgment to the source must be made, either as a footnote or in a reference list at the end of your
publication, as follows:
“This article was published in Publication title, Vol number, Author(s), Title of article, Page Nos, Copyright
Elsevier (or appropriate Society name) (Year).”
3. Your thesis may be submitted to your institution in either print or electronic form.
4. Reproduction of this material is confined to the purpose for which permission is hereby given.
5. This permission is granted for non-exclusive world English rights only. For other languages please reapply
separately for each one required. Permission excludes use in an electronic form other than submission. Should
you have a specific electronic project in mind please reapply for permission
6. This includes permission for UMI to supply single copies, on demand, of the complete thesis. Should your
thesis be published commercially, please reapply for permission.
Yours sincerely

Jennifer Jones
Rights Assistant
Elsevier Limited, a company registered in England and Wales with company number 1982084, whose registered
office is The Boulevard, Langford Lane, Kidlington, Oxford, OX5 1GB, United Kingdom.
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CHAPTER 3: MULTI-PHASE PARTITIONING AND THERMODYNAMIC
EQUILIBRIUM MODEL FOR SEDIMENT POLLUTANTS INSIDE
HURRICANE KATRINA-FLOODED HOMES

Dear Mr. Ashley:
Copyright permission is granted for you to use your article “Multiphase ContaminantDistributions…” published in ENVIRONMENTAL ENGINEERING SCIENCE 26/3, in your
doctoral dissertation.
Kind regards,
Karen Ballen
Manager, Reprints & Permissions
Mary Ann Liebert, Inc. Publishers
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